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CHAPTER I 

OVERVIEW 

Brain metastases occur m l 0-30% of patients with metastatic breast cancer. 

Treatment options are limited and fewer than patients 30% survive one year. Of 

significance, the incidence of brain metastases has been rising significantly in the last 

decade in the subset of patients with metastatic "triple negative" or Her-2 breast cancer. 

Unfortunately chemotherapy has had limited success in decreasing mortality and 

morbidity for women with brain metastases of breast cancer. 

The limited efficacy of chemotherapy for brain metastases of breast cancer may 

arise from either the development of chemoresistance and/or the sanctuary site status of 

the brain, which is due to the blood-brain barrier (BBB). The BBB is formed by brain 

capillary endothelial cells that are sealed together by multiple bands of tight junctions, are 

surrounded by a basement membrane, pericytes and the feet of astrocytes, and express 

high levels of active efflux drug transporters. Many chemotherapeutic drugs exhibit 

restricted distribution to the CNS because they either cross brain endothelial membranes 

poorly by passive diffusion or are actively removed from the CNS by one or more efflux 

transporters at the BBB. 
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At present, there is a paucity of literature investigating the role of the blood-tumor 

barrier (BTB) in brain metastases is lacking. A major reason for this has been the lack of 

experimental animal models to adequately mimic the natural developmental progression 

of brain metastasis (i.e., a cancer cell leaving the primary tumor and extravasating at a 

distant tissue site). Specifically, many experimental central nervous system models rely 

on direct implantation of cancer cells into the brain parenchyma through an opening in 

the skull. In this dissertation, we evaluate the BTB vasculature with two novel preclinical 

brain metastases of breast cancer models. These models rely on injecting brain seeking 

cancer cells, human MDA-MB-231-BR-Her2 (transfected with enhanced green 

fluorescent protein (eGFP) and Her-2) and the murine mammary carcinoma cell line 4Tl-

BR5, into the left ventricle of the heart. These cells then circulate in the vascular system, 

arrest in brain, extravasate into brain parenchyma, and colonize in brain. 

In addition to utilizing a novel experimental brain metastases model, we also put 

forward in this dissertation highly novel methods to characterize the BTB vasculature of 

the experimental brain metastases. Specifically, we have utilized recently developed 

techniques of unique florescent and phosphorescent methods to evaluate both 

permeability and drug uptake into numerous metastatic lesions within brain from the 

same animal. We correlate permeability and drug uptake measurements with protein 

expression of angiogenic factors that may influence altered permeability of the BTB. The 

combination of these techniques has allowed us to gain unique insights into the 

mechanisms behind altered permeability of CNS lesions, which ultimately affect drug 

uptake and subsequent cytotoxicity. Lastly, some of the methods developed in this 

2 
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dissertation could be employed in numerous laboratories studying a variety of 

physiological and pathophysiological conditions. 

Chapter 2 provides a review of the process of angiogenesis and its role in both 

physiological development and pathological disease progression. A brief history of 

angiogenesis is discussed as well as the angiogenic mediators, vascular endothelial 

growth factor (VEGF) and angiopoeitin-2 (Ang-2). Antiangiogenic therapies are 

reviewed with a particular focus on bevacizumab and its controversial indication in breast 

cancer as well as its potential limitations in the treatment of CNS lesions. 

Chapter 3 describes the development of a semi-automated rapid methodology 

utilizing fluorescent microscopy and comprehensive digital microscopy software to 

calculate vascular density within brain and cancerous lesions in brain. The method is 

validated by comparison with previously published values. We observed that vascular 

density is decreased within experimental brain metastases of breast cancer compared to 

corresponding brain regions in a control animal and also compared to a highly angiogenic 

preclinical glioma model. 

In Chapter 4 we utilize the two experimental models (murine: 4Tl-BR5; and 

human: MDA-MB-23 l-BR-Her2) to analyze permeability, drug uptake and vascular 

characteristics (vessel density, vessel morphology, vascular remodeling, etc ... ) of brain 

metastases of breast cancer. In an analysis of more than 2,000 lesions, we observed an 

increased permeability of a majority of lesions, but drug uptake was insufficient to induce 

cytotoxicity in - 90% of lesions. Analysis of the lesion vasculature reveals decreased 

3 



ITUHSC. Kaci A. Bohn. August 2011 

vessel density and the presence of tortuous and aberrant vessels. Further, using 

immunofluorescence, we observed a decreased expression of the vascular endothelial 

tight junction protein zonula occludens-1; and increased expression of the proteins nestin 

and plasmalemma vesicle associated protein-I . We hypothesize that the changes in these 

vascular proteins are a contributory cause to vascular destabilization and/or vascular 

remodeling in brain metastases of breast cancer, resulting in an increased permeability of 

the BTB. 

In Chapter 5, we examine the role of bevacizumab in the vascular normalization 

of brain metastases of breast cancer. We administered bevacizumab to animals during 

the colonization and progression phase of metastasis. Our data indicate that the 

administration of bevacizumab during metastasis development reduces BTB permeability 

to 14C-AIB (a-aminoisobutyric acid) and significantly reduces uptake of 14C-paclitaxel 

into brain lesions. These results may have important clinical implications in adjuvant 

therapy of bevacizumab to CNS patients with established metastases who are receiving 

chemotherapeutics. However, we observed that bevacizumab reduces the formation of 

experimental brain metastases in brain. This data suggest that bevacizumab may play a 

role in the prevention of brain metastases of breast cancer. 

Lastly, Chapter 6 concludes with an investigation of the BTB expression of the 

vascular angiogenic protein Ang-2, which interacts with VEGF to contribute to altered 

vascular integrity in metastatic lesions. In this chapter, we observe that l) Ang-2 and 

bevacizumab work cooperatively to induce angiogenesis, 2) experimental brain 

4 
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metastases are hypoxic, which activates ANG-2, 3) ANG-2 is present at the BTB 

vasculature, and 4) blockade of both ANG-2 and VEGF results in significant reductions 

in permeability, drug uptake, and metastatic burden. Further, while simultaneous 

inhibition of these two angiogenic factors may have significant potential in reducing the 

formation of experimental brain metastases, this strategy should not be used in 

established metastases because it significantly restricts permeability and drug uptake in 

the metastases. Further work will need to be done to determine if this combinatorial 

strategy can effectively reduce brain metastasis formation all together. 

In summary, this dissertation is a quantitative evaluation of the vascularity and/or 

angiogenesis involved in the altered permeability of brain metastases of breast cancer. 

The data suggest that multiple mechanisms play a role in altering the integrity of the 

BTB. Our data also illuminate the role of bevacizumab in the decreased efficacy of 

chemotherapeutics during combinatorial therapy in experimental brain metastases of 

breast cancer. Lastly, our data point to an exciting novel combination therapy that may 

significantly decrease the formation of brain metastases of breast cancer. 

5 
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CHAPTER2 

ANGIOGENESIS 

A History of Angiogenesis: 

Angiogenesis is not only an important component of embryonic development, but 

also plays a critical role in tumor survival and the progression from a pre-malignant to 

malignant mass. The process of angiogenesis - the formation of new blood vessels from 

existing vasculature - has been studied in both normal and tumor tissue since the late 

l 700's, but the idea that tumor growth is angiogenesis-dependent was not established 

until 1969 by Judah Folkman (Folkman 1990; Folkman 2008). Controversial at the time, 

this theory was based on the idea that tumors could not grow beyond a certain size 

without recruiting new blood vessels to support increasing oxygen demands. This theory 

held three assumptions which included 1) that all tumors would be restricted in size 

without angiogenesis; 2) tumors secrete "angiogenic" molecules such as growth factors; 

and 3) tumors undergo a period of dormancy when angiogenesis is blocked (Folkman 

1971 ). The disagreement in the literature at the time led to the development of new 

bioassays for angiogenesis research such as the corneal neovascularization assay 

(Muthukkaruppan and Auerbach 1979), the chick embryo chorioallantoic membrane 

6 
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assay (Nguyen et al 1994), and the development of long term in vitro cultures of vascular 

endothelial cells (Folkman et al 1979; Gimbrone et al 1973; Jaffe et al 1973). 

The addition of appropriate assays lead to the discovery of the first angiogenic 

molecule bFGF by Shing and Klagsbrun (Shing et al 1984) using heparin-sepharose 

chromatography. The discovery of the molecule vascular permeability factor (VPF) by 

Senger and Dvorak (Senger et al 1983) was a critical step because it later was found that 

this protein was identical to one discovered by Napoleone Ferrara in 1989, subsequently 

named vascular endothelial growth factor (VEGF) (Ferrara and Henzel 1989). The 

discovery of this molecule had come from three different sources, but all groups reached 

the same conclusion that growth factors did indeed play a role in tumor progression. 

The discovery of angiogenic molecules created a need for the development of 

inhibitors of the process that could be used therapeutically. Due to its ability to suppress 

migration of endothelial cells in vitro and its inhibition of angiogenesis in vivo (Dvorak 

and Gresser 1989), a /ow-dose of interpheron-a was administered clinically to a patient 

with progressive pulmonary hemangiomatosis in 1988. The patient was found to be 

disease free within months and was subsequently treated for five years with no 

reoccurrence. The success of this case led to the development of more angiogenic 

inhibitors such as bevacizumab and sunitinib which act in an "indirect" fashion by 

inhibiting tumor cell products rather than inhibiting activated cells directly (Folkman 

2008). However, these drugs have narrow therapeutic targets and therefore, the 

7 
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combination of these inhibitors with "direct" inhibitors results m enhanced effect 

(Abdollahi et al 2003). 

Angiogenesis in Physiology and Pathology: 

The process of physiological angiogenesis begins during fetal development, and 

continues through the formation of adult tissues. The developing vasculature allows 

tissue growth as well as nutrient exchange, which are critical for normal development. 

Angiogenesis is differentiated from vasculogenesis and lymphangiogenesis in that 

vasculogenesis is the de nova development of new blood vessels from endothelial 

precursor cells and lymphangiogenesis is the development of lymphatic vasculature. 

These processes are quite different even though key players such as VEGF and bFGF are 

common in all three (Dvorak 2005). The angiogenic cascade can be summarized in four 

steps: 1) degradation of the basement membrane of the existing vasculature; 2) organized 

migration of the endothelial cells; 3) endothelial proliferation; and 4) organization of 

these cells into tube-like structures with an intact basal lamina (Bremnes et al 2006). 

Normal vasculature is also quite different morphologically from pathological vasculature 

because in healthy tissue, the endothelium is well organized into a hierarchical manner 

with evenly spaced vessels (Dvorak 2005). This organization allows for adequate oxygen 

and nutrient perfusion of tissues, which contrasts with the tortuous and aberrant growth of 

tumor vessels. 

In pathological tissues, angiogenesis aids in tumor progression, wound healing 

and inflammation, and neovascularization allows tumor cells access to the systemic 

8 
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circulation, thereby increasing metastatic occurrence. In contrast with the highly 

organized process of angiogenesis in healthy tissue, the sprouting of tumor-associated 

endothelial cells is disorganized and becomes dependent upon growth factors such as 

VEGF. Certain characteristics of tumor angiogenesis differ from the normal process, 

such as the release of proteases from tumor cells, which aid in the breakdown of the 

basement membrane. In addition, morphologically, tumor neovasculature looks very 

similar to mature blood vessels (Langer and Natale 2005). Although the process allows 

for tumor growth, structural defects impair endothelial barrier function, which in tum 

increases permeability (Baluk et al 2005; McDonald 2008). 

There has been a strong drive in the last few years to identify a marker capable of 

distinguishing tumor vasculature from normal vasculature. Several endothelial markers 

are currently in use, such as cluster of differentiation molecule 31 (CD3 l , PECAM-1 ), 

Von Willebrand Factor, CD105, and CD34 (pan-endothelial marker). In both ovarian 

and colorectal cancer, CD 105 has been shown to be more effective in labeling tumor 

vasculature, but positive staining in normal tissue was also observed (Fonsatti et al 2003; 

Jung et al 2009). CD31 and CD34 are said to be more suitable for generalized vascular 

labeling due to their expression in both existing and newly formed vessels in several 

tissues including brain (Yao et al 2005). However, the expression of these markers in 

normal tissue creates a drawback to their use as detectors of only tumor endothelium. 

This limitation leaves the field of immunohistochemistry lacking a suitable marker 

capable of specifically recognizing tumor-associated newly formed microvessels within 

multiple tissues. 

9 
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Angiogenesis and Microvessel Density: 

Despite the presence of angiogenesis in cancerous tissue, tumor cell viability is 

often reduced because of decreased vascular density. Vessel density, evaluated by a 

pathologist analyzing histological specimens stained with CD3 l or other endothelial 

markers, is often used to predict patient prognosis and expected treatment outcome in the 

clinical setting. Microvessel density counting techniques are widely used to assess tumor 

vasculature. Vessel density assessment is widely used in a number of cancers and 

correlates strongly with the tumor aggressiveness in breast, prostate, and non-small-cell 

lung carcinoma (Bosari et al 1992; Guo et al 2009; Macchiarini et al 1992; Weidner et al 

1993; Zhou et al 2010). Vascular density also has been shown to be an indicator of 

overall and relapse-free survival for both breast carcinoma and astroglial brain tumors 

(Heimann et al 1996; Leon et al 1996). A tumor grading system used by the World 

Health Organization (WHO) indicates that the presence of vascular proliferation 

distinguishes astrocytomas from glioblastoma multiforme and anaplastic astrocytomas 

which represent the most malignant form of astrocytomas (Assimakopoulou et al 1997). 

In contrast to these highly vascularized tumors, murine models of lung, colon, and 

melanoma cancers developed brain metastases with vascular density values - 17 fold less 

than normal brain parenchyma (Fidler et al 2002). 

Calculation of vascular density is widely used in the clinical and laboratory 

settings, and simple counting techniques provide an adequate picture of vessel density, 

but fail to give an adequate summary of the functional status of the tumor vasculature. 

Not only are the tumor endothelial cells abnormal, but so are the associated basement 
10 
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membranes and pericytes (McDonald and Choyke 2003; Ocak et al 2007). One study 

analyzed vascular maturity by evaluating endothelial proliferation and the recruitment of 

a-smooth muscle actin-positive pericytes (Eberhard et al 2000). In six different human 

tumors, glioblastoma, renal cell carcinoma, colon carcinoma, mammary carcinoma, lung 

carcinoma, and prostate carcinoma, the study found active angiogenesis in all samples, 

with brain and kidney having the highest proliferative index. In contrast to this finding, 

colon and breast samples showed the highest pericyte coverage index, indicating the 

highest degree of functional or mature vasculature. The results of this study emphasize 

the disparity in vascular density and function among human tumors. 

In angiogenesis, VEGF expression increases vessel density. Therefore, vessel 

density and VEGF expression were studied in colorectal, breast, and non-small cell lung 

carcinoma. The results showed a strong correlation between increased VEGF expression, 

higher vessel counts, and poor patient outcome (Barresi V 2010; Kadota et al 2008; 

Mohammed et al 2007). This correlation is not the case in all tumors, however. For 

example, Gaumann, et al., found high expression of VEGF but no correlation between 

vascularity and prognosis in sarcomas of the pulmonary artery, when analyzed by factor 

VIII staining and immunohistochemistry (Gaumann et al 2008). These studies help to 

illustrate the important role that assessment of vascular density and the expression of 

growth factors play in the understanding of tumor biology and clinical diagnosis. 

11 
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Key Players: 

Neoangiogenesis not only plays a role in physiological processes but in tumor 

growth as well. Due to the higher metabolic demands of increased tumor growth, 

angiogenesis is induced with the release of growth factors from tumor and surrounding 

tissue . Thus, the development of relevant angiogenesis inhibitors becomes a promising 

therapeutic approach to inhibit tumor progression. As a tumor grows, metabolic demands 

increase the potential for hypoxia. In normoxia, the constitutively expressed HI F-1 a 

(Hypoxia Inducible Factor-I a) subunit is tagged for ubiquitination by the Von Hippe)-

Landau (VHL) protein. When hypoxia is present, the HIF-1 a subunit dimerizes with 

HIF-1~ to form the HIF-1 complex, which in tum binds hypoxia-responsive elements 

(HREs). At this point, the active HIF heterodimer will translocate to the nucleus to act as 

a transcription factor for downstream genes involved in angiogenesis, cell 

proliferation/survival, and metastasis (Kaur et al 2005; Semenza 2003). One of the key 

growth factors induced at this step is VEGF. 

The VEGF family contains five isoforms VEGF-A (referred to as VEGF), VEGF-

B, VEGF-C, VEGF-D, and VEGF-E which are involved in the development of the 

lymphatic system, vasculature system, and angiogenesis. VEGF-A, the main isoform 

involved in angiogenesis, increases cell proliferation, promotes endothelial cell 

migration, and induces vascular permeabi lity (Kaur et al 2005). VEGF is not only 

critical in pathological angiogenesis, but during fetal development, the loss of a single 

VEGF allele leads to embryonic abnormalities and death (Ferrara et al 1996). In humans, 

VEGF-A is the most active and abundant isoform and is produced by numerous tissues 
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such as vascular smooth muscle cells, normal adult cortical neurons, and tumor cells 

(Berse et al 1992; Boer et al 2008). In brain, VEGF is associated with endothelial cell 

turnover, destabilization, and proliferation, all of which contribute to blood-brain barrier 

(BBB) disruption and altered permeability to compounds. In addition, increased 

expression of VEGF has been shown to promote central nervous system (CNS) 

metastases in animal models of breast cancer (Kim et al 2004 ). The wide varieties of 

tissues that express this growth factor emphasize the important role it plays in normal and 

pathological tissue development and maintenance. 

VEGF signaling occurs through the binding of VEGF ligands to cell surface 

receptor tyrosine kinases. There are two VEGF receptors. The first receptor, VEGFR-1, 

is expressed on haematopoietic stem cells, monocytes, macrophages, and vascular 

endothelial cells. This receptor is involved in cellular migration and haematopoiesis. 

The second receptor, VEGFR-2, is a transmembrane kinase receptor and is the primary 

receptor involved in the angiogenic process (Holmes et al 2007). First isolated in 1991 

by Terman, et al., VEGFR-2 (Flk-1/KDR) primarily is expressed on vascular endothelial 

cells but has also been detected on neuronal cells and hematopoietic stem cells (Terman 

et al 1991 ). This receptor also is known to be expressed in several tumors such as 

neuroblastoma, breast, and non-small cell lung carcinomas (Meister et al 1999; Price et al 

2001). VEGF binds VEGFR-2 with a lower affinity than VEGFR-1, but VEGFR-2 is the 

primary receptor involved in the VEGF angiogenic pathway (Byrne et al 2005). The 

interaction of this ligand with its receptor allows for survival in both normal and 

pathological tissues and therefore, both proteins have become major targets for anti-
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angiogenic therapies. However, under stressful conditions such as hypoxia, VEGF can 

become the key player in the destabilization of the vasculature. 

Several downstream events such as microvascular permeability, endothelial 

migration, survival, and proliferation are initiated by the binding of VEGF to VEGFR2 

(Dvorak 2002; Millauer et al 1993; Zeng et al 2001 ). Endothelial cell proliferation is 

thought to involve the activation of phospholipase C gamma-protein kinase (PLC-y) C

Raf-MAP kinase and survival and migration are said to occur with Phosphatidylinositol 

3-Kinase (PI3K) activation (Hicklin and Ellis 2005). VEGF is proposed to induced 

vascular permeability through the creation of fenestrations (Ferrara 1999) and by 

disrupting junctions between endothelial cells (Dvorak 2002; Ferrara 2000; Zhang et al 

2002a). Along with this, the injection of VEGF into rats has shown vasodilation because 

of the release of endothelial cell nitric oxide (Ferrara et al 2003). Endothelial cell 

survival is also increased in the presence of VEGF both in vitro and in vivo (Ferrara et al 

2003) and has shown anti-apoptotic properties by activating the Pl3K-Akt pathway and 

upregulating Bcl-2 (Gerber et al 1998; Thakker et al 1999). 

VEGFIVEGFR2 Pathway: 

The VEGF pathway contains numerous events and messengers to illicit these 

cellular responses. Upon binding the VEGFR2 tyrosine kinase receptor, dimerization and 

autophosphorylation occur thus activating several signal transduction molecules such as 

PLC-y, VEGF Receptor-Associated Protein (VRAP), and Pl3K. The PLC-y pathway 

involves the catalyzing the hydrolysis of PIP2 (Phosphatidylinositol-4, 5-Bisphosphate) 
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thus creating IP3 (Inositol Triphosphate) which causes the release of intracellular 

calcium, and DAG which activates protein kinase C (PKC). Endothelial cell proliferation 

is then activated through the extracellular regulated kinase (ERK) pathway by way of 

Rafl-MEK-ERK.112 (Matsumoto and Claesson-Welsh 2001). 

Phosphorylation of the VEGFR2 receptor also activates Pl3K which then causes 

accumulation of phosphatidylinositol-3, 4, 5-Trisphosphate (PIP3) and subsequent 

phosphorylation of Akt (protein kinase B or Akt/PKB) (Cross et al 2003). Cellular 

survival is promoted by this pathway because it causes the inhibition of the pro-apoptotic 

protein Caspase 9 and increases the expression of the anti-apoptotic protein B-cell 

lymphoma 2 (Bcl-2) (Zachary and Gliki 2001). The Akt pathway also promotes 

endothelial cell dilation and therefore affects vasodilation by acting to increase 

endothelial Nitric Oxide Synthase (eNOS) and subsequent Nitric Oxide (NO) (Dimmeler 

et al 1999). There has also been a connection vascular permeability and the small GTP

binding protein Rae (Eriksson et al 2003). 

Due to the multi-faceted role of the VEGF/VEGFR2 pathway in angiogenesis and 

endothelial cell survival, numerous endogenous regulators work to halt VEGF-mediated 

signal transduction. One of the mechanisms by which this occurs is dephosphorylation 

by phosphotyrosine phosphatases (PTP's) (Kappert et al 2005). The transmembrane PTP 

named density-enhanced phosphatase- I (DEPI ) has shown silencing effects on VEGFR2 

in vitro (Lampugnani et al 2006). A second mechanism for reducing the action of 

VEGFRs is the rapid internalization and/or degradation of the receptors. This process has 
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been studied in several in vitro models such as human umbilical endothelial cells (Singh 

et al 2005). In this study, they noted VEGFR2 internalization by way of PKC-dependent 

phosphorylation. It is also thought that different levels of VEGF may induce different 

VEGFR2-dependent processes. Therefore, if we can reduce the levels of VEGF, several 

mechanisms can and will be altered. 

The Role of VEGF and Angiopoietin-2 in Vascular Destabilization: 

The vasculature is surrounded and stabilized by pericytes which not only 

increase structural stability, but also play an important role in angiogenesis, blood flow, 

and maintenance of the BBB (Hawkins and Davis 2005; Hirschi and D'Amore 1996; Lai 

and Kuo 2005). Since these cells are present in the CNS, it is important to note that brain 

endothelial cells contain more pericytes than any other location in the body (Hamilton et 

al 20 l 0). When surrounding vasculature cannot supply enough oxygen to support the 

increased metabolic demand of tumor growth, hypoxia is induced, and the angiogenic 

process is initiated. 

In the presence of hypoxia, pericyte function is altered by the binding of 

Angiopoietin-2 (Ang-2) to the endothelial Tie2 receptor. The angiopoietin family 

contains four members: Ang-I, Ang-2, Ang-3, and Ang-4. Angiopoietin I, a secreted 

glycoprotein, was isolated as the primary ligand for the Tie2 receptor tyrosine kinase in 

1996 (Davis et al 1996). The Tie2 receptor has been found to function in vessel stability 
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and endothelial cell survival. Studies revealed that in Tie2 deficient embryos, the heart 

was formed but decreased numbers of endothelial cells and periendothelial cells lead to 

an abnormal vascular network, resulting in 100% lethality (Dumont et al l 994; Patan 

1998). 

The primary ligand for the Tie2 receptor, Ang-1 , is widely expressed by pericytes 

and smooth muscle cells and is said to maintain vessel quiescence (Kim et al 2000; 

Saharinen 2008). This ligand normally occupies the Tie2 receptor, but in the presence of 

hypoxia, the production of Ang-2 is induced in the metabolism of arachidonic acid to 

prostaglandin E2 by cyclooxygenase-2. Prostaglandin E2 induces the production of Ang-

2 (Pichiule and LaManna 2002; Pichiule et al 2004), which in tum binds the Tie2 

receptor blocking its phosphorylation/activation by Ang- I. At this point, the surrounding 

pericytes will pull away from the vasculature, causing vascular destabilization (Gonul et 

al 2002). The presence of VEGF will then induce angiogenesis and vascular branching, 

but in the absence of VEGF, the vessel will undergo apoptosis (LaManna et al 2004). 

There is disagreement in the literature as to whether Ang-2 is a Tie2 agonist or 

antagonist. A review by Peters, et al, explains that the role of this ligand is context

dependent and that Ang-2 functions as an antagonist in blood vasculature but as a Tie2 

agonist in lymph vasculature (Peters et al 2004). When acting in the blood vasculature, 

Ang-2 will contribute to the angiogenic process by binding the Tie2 receptor. Of special 

note is the pivotal role VEGF plays in the destabilization process. As noted previously, 

17 



TTUHSC,KaciA.Bohn,August20// 

in the presence of VEGF, the destabilized vessel will undergo angiogenesis rather than 

apoptosis. 

The complementary actions of Ang-2 and VEGF in tumor angiogenesis was 

established by Lin, et al., with the use of the fusion protein ExTek.6His to block Ang-2-

mediated Tie2 phosphorylation (Peters et al 2004). They applied this protein directly to 

rat mammary tumors and melanoma tissue and noted a decrease in both vascularity and 

tumor growth. These results were replicated with injecting recombinant VEGFR-2, 

which blocked the VEGF pathway. When ExTek was co-injected with tumor cells, they 

observed reduced number and size of lung metastases. Lastly, angiogenesis in a corneal 

model was inhibited by ExTek in spite of VEGF conditioned medium (Lin et al 1997; 

Lin et al l 998a; Lin et al l 998b; Peters et al 2004). Though the angiogenesis process is 

complex and involves more than one pathway, these studies provide sufficient data to 

support the roles of VEGF and Ang-2 in the pathogenesis of disease. Therefore, it has 

been suggested that simultaneous inhibition of VEGF and Ang-2 could decrease tumor 

growth and/or development and thus deserve future study (Bergers et al 2003; Chae et al 

2010). 

Vascular Destabilization and Increased Permeability: 

Vascular remodeling resulting from the release of growth factors such as VEGF 

and Ang-2 alters the endothelium structurally and functionally. Increased permeability of 

vasculature often results from vessel branching and growth (Dvorak et al 1995) and is 

largely associated with tumor angiogenesis . The concept of hyperpermeable tumor 
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vasculature was proposed more than 35 years ago and has been proven with various 

intravenous markers (Gerlowski and Jain 1986; Gullino 1975; O'Connor.and Bale 1984). 

Physiologically, this endothelial hyperpermeability contributes to the formation of fibrin 

networks that aid in wound healing and the development of psoriasis (Dvorak 1986; 

Dvorak et al l 995; Parent et al 1990). In tumors, this fibrin network promotes 

endothelial migration thus increasing neo-vascular formation and enhancing tumor 

growth. 

A study with Evans blue dye, which binds tigh.tly to albumin, showed similar 

enhanced permeability within inflammatory tissue and in tumors, but extravasation took 

three times longer in tumor regions, indicating the enhanced permeability and retention 

(EPR) of most tumors (Matsumura and Maeda 1986). Increased permeability of tumor 

vasculature not only increases tumor growth, but also increases the potential for drug 

delivery to the tumor region (Maeda 20 l 0). However, in brain, the presence of the BBB 

creates an additional obstacle to drug delivery, in spite of the compromised and often 

more permeable blood-tumor barrier (BTB). Therefore, several techniques have been 

employed to circumvent the reduced drug uptake within tumor tissue, but many of these 

are often invasive and also allow uptake of cytotoxic drugs into healthy brain tissue 

(Black and Ningaraj 2004). Currently, the concept of tumor targeted drug delivery is a 

strongly investigated therapeutic field. 
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Angiogenesis and the Blood-Brain Barrier (BBB): 

The brain has been a difficult organ to treat chemotherapeutically because of the 

presence of the blood-brain barrier (BBB). CNS endothelium is highly specialized and 

includes a great degree of pericyte coverage and interactions with astrocytes and glia 

which combine to create the BBB (Mancuso et al 2008). With the recent advancement of 

systemic chemotherapeutics, patient survival has increased but so has brain metastatic 

incidence (Conrad 200 l ). Due to the BBB, the brain often acts as a sanctuary site for 

metastases from other organs (Jelsma and Carroll 1989; Palmieri et al 2007). Most adult 

tissues have a low rate of cell turnover, which is especially true of endothelial cells (Hirst 

et al 1980; Hobson and Denekamp 1984). Developing CNS vasculature is fonned by 

angiogenesis but in the mature brain, angiogenesis rarely occurs. 

The CNS serves as an opportunistic site for metastases from several peripheral 

sites such as lung, breast, renal, and colorectal cancers (Schouten et al 2002). Treatment 

options for patients with CNS metastases are limited, greatly affect quality of life, and 

only extend survival 4-6 months (Harputluoglu et al 2008; Pestalozzi 2009; 

Wadasadawala et al 2007). This poor outcome is due to recurrent growth of resected 

tumors, resistance to chemotherapeutics because of the BBB, and development of 

metastases in other brain areas. The unique microenvironment of the brain allows for 

developing metastases to grow and survive. This preferential site is more than likely due 

to the lack of therapeutics that can effectively penetrate the BBB. Even the compromised 

BTB has the potential to efflux drug and/or block passive penneability of therapeutic 

agents thus decreasing the efficacy of many current cytotoxic agents. 
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The BBB is composed of three different cell types: endothelial cells, pericytes, 

and astrocytes. Tight junction proteins present between endothelial cells create a 

"diffusion barrier" which limits paracellular movement of large molecules, ions, peptides, 

and other proteins which normally pass through in systemic tissues (Ballabh et al 2004; 

Shusta 2005). The surface area of brain microvessels is 20 m2 which is sufficient to 

deliver oxygen to the entire brain, but the presence of the BBB restricts the movement of 

neurotherapeutics into brain parenchyma (Jones and Shusta 2007). Endothelium present 

at the BBB has a unique phenotype compared to peripheral vasculature because of the 

unique microenvironment. When cultured in vitro, brain endothelial cells tend to lose 

their differentiation characteristics and begin to more closely resemble those in other 

tissues (Kniesel and Wolburg 2000). This data suggests that the integrity of the BBB is 

dependent upon signals from surrounding cells present in the CNS. 

The brain tumor endothelium is quite different from that of the normal BBB 

vasculature. Both metastatic brain tumors and high-grade gliomas have shown large 

torturous vessels with irregular branching, altered permeability, and a thicker basement 

membrane (Fidler et al 2002; Jain et al 2007; Vajkoczy and Menger 2000). 

Angiogenesis creates structural and functional alterations resulting in the formation of the 

blood-tumor barrier (BTB) (Black and Ningaraj 2004; Gerstner and Fine 2007). The 

irregular development and branching of tumor vessels does not allow for full maturation 

of an intact BBB thus causing heterogeneous blood flow and hyperpermeability. Clinical 

MRl studies showed a 20-fold increase in permeability in tumor compared to normal 

(Jain et al 2007). This altered permeability is often attributed to the increase in VEGF 
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expression during the angiogenic process. Since VEGFR-2 is widely expressed on brain 

capillary endothelial cells, there is ample opportunity for the ligand to bind and induce 

phosphorylation. Other studies reported that though VEGF may induce the fonnation of 

a more penneable BTB, this barrier still effectively limits chemotherapeutic uptake and 

efficacy (Zhao et al 2011). Our lab's previous results agree with this theory since only 

- 10% of metastatic lesions expressed 14C-paclitaxel induced cytotoxicity in spite of 

increased penneability values (compared to nonnal brain) (Lockman et al 2010). 

High levels of VEGF expression and vascular density in CNS tumors correlate to 

astrocytomas, the most common CNS cancer among adults, contains distinct VEGF 

patterns, which increase with tumor grade. In addition, slightly higher than nonnal vessel 

density is seen in lower grade astrocytomas (Grade I and II) and as the tumor progresses, 

an "angiogenic switch" takes place and the vasculature transitions to that of the 

glioblastoma multifonne (Grade IV) with increased vascular branches (Stiver 2004; Zhou 

et al 2005). VEGF is expressed at high levels in brain tumors, and in glioblastomas, the 

areas with the highest expression are often necrotic in spite of increased vessel density. 

Due to the high vascularity of glioblastomas, they have become an ideal model for 

angiogenesis in both clinical and laboratory studies (Brem et al 1972; Jain et al 2007). 

The intact blood brain barrier is responsible for restricting paracellular flow and 

maintaining a metabolic balance of ions such as Na+, K+, and Ca2+. It also restricts the 

movement of gases such as 0 2 and C02 to transcellular pathways (Popescu et al 2009). 

There are three primary means of transport across the BBB: 1) passive diffusion, 2) ATP-
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binding cassette (ABC) transporter effiux, and 3) transcytosis (both receptor-mediated 

and adsorptive-mediated) (Shusta 2005). In passive diffusion, a process that requires no 

energy, lipid solubility, molecular weight and greatly affect the permeability of a given 

compound. The physiochemical characteristics of compounds that can easily passively 

cross the BBB are high lipid solubility, low molecular weight, and neutral electrical 

charge (Banks 2009; Palmieri et al 2006; Rapoport et al 1979). However, the penetration 

of lipid soluble drugs and solutes are greatly decreased compared to what would be 

expected from their lipophilicity (as expressed by the log .of their octanol/water diffusion 

coefficient (logD)). This discrepancy is due to the presence of efflux transporters such as 

P-gp, a member of the ATP-binding cassette (ABC) family of transporters, which 1s 

responsible for the efflux of many drugs at the CNS. 

The majority of carrier-mediated facilitated transport is accomplished by 

transporters like glucose transporter type l (GLUTl) and large neutral amino acid 

transporter type I (LAT l ). These transporters are responsible for the movement of 

molecules such as lactic acid, ketone bodies, and adenosine. The LAT 1 transporter was 

found to be expressed l 00 times more in the endothelium of the BBB than other tissues 

(Boado et al 1999). This protein is responsible for the transport of the permeability 

marker a-aminoisobutyric acid (AIB) when used in in situ rat brain perfusion, but not 

when administered intravenously (Boado et al 1999; Ennis et al 1994). When injected 

intravenously, AIB is present in circulating blood that contains endogenous amino acids 

that compete for the LATl transporter. As a result, AIB passively diffuses into brain 

parenchyma in a region of compromised BBB. Because of this phenomenon, 14C-AIB 
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has been used as a marker of permeability or BBB disruption in several brain tumor 

models (Ferrier et al 2007; Lockman et al 20 l O; Weyerbrock et al 2011 ). 

Blood brain barrier structural abnormalities which alter function and integrity of 

the barrier have been noted in pathological conditions such as astrocytomas, metastases, 

and edema (Davies 2002; de Vries et al 1997; Hasegawa et al 1983; Lockman et al 2010; 

Papadopoulos et al 2004; Popescu et al 2009). In particular, transporter expression and 

function is often compromised in pathological settings. The expression and activity of 

GLUT! is increased in astrocytomas (Nishioka et al 1992) and in hypoxia/ischemia 

(Bruckner et al 1999). An additional study exposed rat C6 glioma cells to hypoxia and 

noted an increase in VEGF within the cell culture medium. This conditioned medium 

was then placed into cultures of brain endothelial cells which resulted in increased 

GLUT! expression indicating that gliomas may induce GLUTl increases to overcome 

low oxygen supply (Yeh et al 2008). Increases in LAT 1 expression are noted in stomach 

cancer, malignant gliomas, and lung small-cell cancer (Kanai et al 1998). LATl 

upregulation is associated with poor patient prognosis and it is speculated this is a result 

of LATl providing cancer cells with essential amino acids for protein synthesis 

(Nawashiro et al 2006). 

Permeability Alterations at the BBB: 

There are several potential mechanisms for increased permeability of the BTB 

endothelium. One example is the altered expression of tight junction proteins, 

specifically Z0-1. Z0-1 is a scaffolding protein attached to the C-terminus of occludin at 
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the BBB (Mitic and Anderson 1998). Z0-1 acts as an anchor for Occludin, and Z0-1 

expression is necessary for proper fetal development and function of the BBB (Fanning 

and Anderson 2009). A study of Z0-1 in embryonic development illustrated positive 

expression in all embryonic cells, and Z0-1 knockout inhibited initial vascular 

development resulting in 100% lethality (Katsuno et al 2008). This study gives an 

indication of the importance of Z0-1 in vascular architecture. Barrier properties were 

increased when expression levels of Z0-1 were heightened in both retinal and brain 

endothelial cells with the administration of astrocyte conditioned medium (Gardner et al 

1997; Rubin et al 1991 ). In contrast, a reduction in Z0-1 levels lead to BBB disruption 

and increased permeability in vivo and in vitro (Gardner et al 1996; Liu et al 2008). 

Additionally, VEGF released as a result of hypoxia, increased permeability by disrupting 

Z0-1 expression and localization in an in vitro study of porcine brain endothelial cells 

(Fischer et al 2002). Decreases in Z0-1 expression were also noted with increased levels 

of matrix metalloproteinase-9 (MMP-9) in normal brain as a result of VEGF protein 

infusion combined with injections of adenoviral Ang-2 (Zhu et al 2005). These studies 

illustrate the importance of Z0-1 in maintaining BBB integrity. 

Permeability is not only increased with disruption of tight junction protein 

expression, but also with the induction and expression of plasmalemma vesicle associated 

protein-1 (PV-1, PL V AP). PV-1 is a membrane-bound glycoprotein normally expressed 

in lung and kidney which serves as a marker for vascular caveolae and fenestrations 

(Ioannidou et al 2006; Stan et al 1999). Brain endothelium is highly regulated and 

impermeable and therefore, PV-1 expression is absent in normal brain. However, PV-1 is 
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upregulated in high-grade gliomas and the blockage of its expression lead to reduced 

endothelial differentiation in vitro (Carson-Walter et al 2005). Similarly, PV-1 

expression was associated with BBB disruption in both a mouse xenograft tumor model 

and acute ischemic brain tissue (Shue et al 2008). Just like Ang-2 and Z0-1, PV-1 has 

shown positive induction as a result of VEGF in both endothelial cells and in a murine 

model of tumor angiogenesis (Strickland et al 2005). The relationship between VEGF 

and PV-1 suggest this protein also plays a role in the angiogenic process of a developing 

tumor and provides one more potential mechanism that contributes to BBB instability and 

increased permeability. 

Bevacizumab Associated Permeability Changes in CNS Patients: 

There are currently several antiangiogenic agents approved by the FDA, either 

alone or in combination with chemotherapeutics, for the treatment of colorectal cancer, 

non-small cell lung carcinoma, and breast cancer. Some antiangiogenic agents prevent 

endothelial cell progression and reproduction, but drugs which inhibit angiogenesis 

signaling pathways are gaining in popularity (Samant and Shevde 2011 ). The blockage 

of tumor growth and vascularization by way of the VEGF pathway has proved to be a 

promising target for anti-angiogenic therapy in multiple patient populations and one such 

drug that accomplishes this is the humanized monoclonal antibody bevacizumab. 

Bevacizumab (Avastin™) was first approved by the FDA in 2004 for the 

treatment of colorectal cancer and was the first antiangiogenic agent to increase patient 

survival (Chau and Figg 2008). This humanized monoclonal antibody is proposed to 
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work by blocking VEGF from binding to its receptor (VEGFR-2), thus preventing 

angiogenesis (vessel branching and growth) and reducing tumor progression (Holloway 

et al 2006; Roland et al 2009; Zhang et al 2002b ). Bevacizumab was given fast-track 

approval for the treatment of metastatic breast cancer (MBC) based on a small increase in 

progression free survival in a study by the Eastern Cooperative Oncology Group (ECOG) 

2100. This was a large, open-label Phase III trial, which evaluated the safety and efficacy 

of paclitaxel alone versus bevacizumab plus paclitaxel (Miller et al 2007; Pories 20 l 0). 

This study was followed up with the AV ADO study which analyzed bevacizumab in 

combination with Docetaxel, RIBBON-I (which tested bevacizumab in combinatorial 

therapy with several chemotherapeutic agents), and RIBBON-2 (which evaluated 

bevacizumab as a second-line therapy) (Goldfarb 2011 ). A listing of several clinical 

studies evaluating bevacizumab in the clinical setting illustrates the potential of this drug 

as an anti-cancer agent Table 1. These studies produced only a mild increase in 

progression free survival and mentioned several side effects associated with bevacizumab 

such as high blood pressure and thrombolytic events (Pories 20 IO; Zhu et al 2007). In 

December 20 I 0, the FDA considered pulling the breast cancer indication from 

bevacizumab because the benefits did not significantly outweigh the risks. 

Several clinical trials have evaluated the effects of bevacizumab alone and in 

combination with lrinotecan in glioblastomas Table 2. These studies report reduced 

edema and intracranial pressure as well as a progression free survival of - 45% at six 

months (Verhoeff et al 2009; Vredenburgh et al 2007; Zustovich et al 2010). However, 

several groups have raised concern regarding the effects of bevacizumab on vascular 
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normalization within brain lesions. These studies reported difficulties with MRI 

detection and interpretation due to decreased permeability of contrast agent (gadolinium) 

with bevacizumab treatment (Mathews et al 2008; Poulsen et al 2009; Verhoeff et al 

2009; Zustovich et al 2010). There have also been studies which discuss decreased drug 

delivery and apoptosis in patients receiving adjuvant bevacizumab {Thompson et al 

2011 ). Currently, the literature is lacking in studies of bevacizumab treatment in brain 

metastases of breast cancer due to the exclusion of patients with CNS disease from 

previous clinical trials (Miles et al 201 O; O'Shaughnessy and Brufsky 2008; Robert et al 

2011). To our knowledge, there are only two reports of bevacizumab treatment in brain 

metastases of breast cancer and they only discuss the risk of bleeding when taking the 

drug (Besse et al 201 O; Labidi et al 2009). This paucity of studies illustrates the need for 

further investigation into the role of bevacizumab as an adjunct therapy in patients with 

CNS lesions. 

In conclusion, angiogenesis not only aids in the survival of normal tissues, 

but increases tumor growth and metastatic potential. Due to the complexity of the 

angiogenic pathway, there are several key players that work in a complementary fashion 

to induce endothelial branching and morphogenesis. Because of the numerous growth 

factors involved in pathological angiogenesis, there are many therapeutic targets such as 

anti-VEGF agents that work to reduce or halt disease and/or tumor progression. 

However, in CNS patients, the presence of the BBB creates an obstacle to drug delivery 

that still needs further investigation. Brain metastases of breast cancer are subject to the 

limited permeability characteristics of the BBB in spite of the formation of the BTB with 
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increased permeability (Lockman et al 20 I 0). A study of the role of vascular remodeling 

and/or destabilization in permeability alterations of brain metastases of breast cancer will 

aid in the development of brain permeable drugs and increased therapeutic efficacy. 
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Table 2 I Bevacizumab stud. t t t b 1es m me as a 1c reast cancer patients 

Patient 
Brain 

Study Regimen Metastasis Results 
Population 

Status 
Randomized Paclitaxel + Bevacizumab Metastatic Patients with Significant 
Phase l1I vs Pacl itaxel a lone Breast c S disease increase in PFS 
ECOG2 100 (Gray were excluded and RR but not OS 
et al 2009; Miller 
et al 2007) 

Phase Ull Dose Bevacizumab (3, 10 and Metastatic Patients with Significant 
Escalation Study 20 mg/kg) Breast c S disease increase in RR 
(Cobleigh et al were excluded wi th acceptable 
2003) toxicity 

Randomized Capecitabine + Metastatic Patients with Significant 
Phase Ill (Miller Bevacizumab vs Breast c S disease increase in RR , but 
et al 2005) Capecitabine a lone were excluded not PFS or OS 

Randomized Docetaxel + Bevacizumab Her2-negati ve Patients wi th Signi ficant 
Phase I II AV ADO vs Docetaxel alone Metastatic CNS disease increase in PFS 
(M iles et al 2010) Breast were excluded and RR 

Randomized Bevacizumab + Her2-negative Patients with Increased PFS and 
Phase Ill Capeci tabine vs Metastatic c S disease RR in first line 

RJBBO -1 (first Bevacizumab + Taxane or Breast were excluded treatment 

line treatment) Bevacizumab 
(Robert et al +Anthracycline 
201 1) 

Randomized Bevacizumab + Her2-negat ive Patients with Significant 

Phase III chemotherapy (Pacl itaxel, Metastatic c S disease increase in PFS 

RIBBON-2 Docetaxel, Gemcitabine, Breast were excluded and RR 

(second line Capecitabine, or 
treatment)(O'Shau Yinorelbine) vs 
ghnessy and C hemotherapy a lone 
Brufsky 2008) 

Sa fety Report on Pac litaxel + Bevacizumab Breast Cancer Positive Significant ant i-

4C S Metastases Cl\S tumo r activity ( I 

Patients Treated Metastases complete, 3 part ial) 

with Bevacizumab *no inc reased ri sk 

(Labidi et al o f hemorrhage 

2009) 
Retrospective Various treatments MBC, Positive Small decrease in 

Analysis of Safety combined wi th MCRC, mortality rate 

of Bevacizumab Bevacizumab MRCC, observed with Bev. 

in CNS . onsquamous *no increased risk 

Metastases (Besse SCLC, PC of hemorrhage 

et al 2010) 
PFS- Progression Free Survival, OS- Overall Survival , RR- Response Rate, MBC
Metastatic Breast Cancer, MCRC- Metastatic Colorectal Cancer, M RCC- Metastatic 
Renal Cell Carcinoma, SCLC- Non-smal l Cell Lung Carcinoma, GBM-Glioblastoma 
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Table 2 2 Bevac·z rn b tud . I u a s 1es m CNS pati ents 

Patient 
Limitations of 

Study Regimen 
Population 

Results Bev. or Anti-
angiogenics 

Case Report on 54 Mastectomy. Metastatic Breast Development of CNS lesions Issues with MR I detection 
year old Woman Chemotherapy, Cancer with CNS while on Bev. therapy and interpretation 
(Mathews et al Radiation, and Metastases 
2008) Bevacizumab (6 

months) 

Retrospective Bevacizumab Recurrent Disappointing values for RR 13evacizumab induced 
review of 19 GBM 1 lrinotecan vs Malignant of 28%, PFS-6 of 20%, and Pseudoresponsc on MR I 
Patients (Zustovich Bevacizumab alone Gliomas no effect on OS 
et al2010) 

--
Literature Review Bcvacizumab GBM Bev. shows promise in Issues with MRI detection 
(Verhoeff et al treatment in GBM reducing edema and and interpretation , restored 

2009) intracranial pressure functionality of 13130 

-
Phase II Bevacizumab + GBM PFS-6 of 43%. and OS at I 31.4% discontinued therapy 

(Vredenburgh et al lrinotecan year was 37% due to toxicity 

2007) 

Retrospective Bevacizumab + Grade Ill and CompletcfPart ial response of Potential decreased 

Analysis of 52 lrinotecan Grade IV 25%, PFS-6 of32% cnhancemelll in MRI 

patients (Poulsen el Gliomas 
al 2009) 

Retrospective Bevacizumab + Grade Il l and PFS-6 of 46% and OS at 6 37% discontinued therapy 

Analysis of27 lrinoteean Grade IV months of 84% due to tox icity 

patients (Kang et al Gliomas 
2008) 

-1-- -- -
Analysis of Bevacizumab + GBM, Bev. decreased therapeutic £313B nonnalization 

Histologic and Various Neuroblastoma efficacy of drugs and restores diminishes drug delivery to 

Radiographic Chemotherapeutics, Xenogra fl BBB characteristics tumor. Issues with MRI 

Studies (Thompson Comparison of Bev. Model, detection and interpretation 

et al 20 11) to Dexamethasone Malignant 
Glioma rat model -

Review on Anti-

I 
Bevacizumab alone GBM Decrease in perfusion and Alters MRI image without 

angiogenic and in combination permeability. Greater affecting underlymg tumor 

Treatments (Wong with chemotherapy. objective response rate than mass. Bleeding and 

and Brem 2008) 

I 
Antibody to VEGFR2 chemotherapy alone thrombosis, recurrence of 

(DC IOI), Pan-VEGF edema post treatment 

receptor inhibitor 
(AZD21 7 ll -

Anti-angiogenic Vandetanib lntracranial Vandetanib blocked 13 1313 restoration decreased 

Treatment Study (angiogenesis inhib.) Xenografts of extravasation of Gadolinium apoptosis associated with 

(Claes e t al 2008) 1 Temozolomide vs Human in tumor. tumor growth Temozolomide through 

both agents alone Glioblastomas continued in both treatment vascular nonnali/3t1on 
groups but vessel density 
decreased ~ 

GBM- Glioblastorna Multiforme, PFS- Progression Free Survival, OS- Overall Survival, 

RR- Response Rate 
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CHAPTER3 

SEMI-AUTOMATED RAPID QUANTIFICATION OF VESSEL DENSITY USING 

FLUORESCENCE MICROSCOPY 

Introduction: 

Vascular density varies from organ to organ, with some tissues such as lung 

containing 6-fold higher values than heart (Targan et al 2003). Brain is a highly 

vascularized organ, although vessel density varies among regions i.e., thalamus contains 

460 capillary sections/mm2 which is double the number of blood vessels per mass of 

tissue compared to the superior colliculus (Klein et al 1986; Wu et al 2004). Alterations 

in vessel density are noted in pathological conditions like ischemia, aging, and cancer 

(Aronen et al 1994; Eberhard et al 2000; Farkas and Lui ten 2001; Mann et al 1986). 

Clinically, low vascular density is used as a measure of a lack of developmental progress 

and as an indicator of cerebral palsy or mental retardation in infants (Miyawaki et al 

1998). Simlarly a higher density of brain vasculature in stroke patients has been 

correlated with improved progress and survival due to the increased blood flow to the 

damaged area (Krupinski et al 1993). In contrast, higher vessel densities have been 

associated with lower patient outcome in several types of cancer (Bevilacqua et al 1995; 

Nico et al 2008; Uzzan et al 2004; Weidner et al 1993). 

Currently, several methods are used to calculate vessel density including the 

Chalkley method, the Weidner approach, and capillary perfusion of fluorescein 
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isothiocyanate (FITC)-labeled globulin or dextran. Each of these techniques involves 

manual counting of vessels, which has the limitations of being highly time consuming 

and difficult to reproduce (Chalkley 1943; Gobel et al 1991; Weidner et al 1991). 

Human error can be a significant confounding variable in the identification of individual 

vessels. For example, when the thickness of the tissue sample is so thin that only a small 

portion of a vessel might be visible, variable human judgement can lead to errors in 

counting (Nico et al 2008; Simpson et al I 996). A review of 43 studies which evaluated 

vascular density and patient prognosis in breast cancer revealed that only three studies 

utlized a completely automated methodology to assess vessel density. Of the remaining 

40 studies, four used a combined manual and automated system (Uzzan et al 2004). 

To adress the limitations of time and human error, we have developed a semi-

automated rapid methodology to quickly and accurately assess vascular density of brain 

tissue. Briefly, the method consists of injecting a large molecular weight fluorescent 

marker into the peripheral vasculature, allowing the dye to circulate in the blood for 

approximately 60-120 seconds followed by immediate sacrifice, removal of the brain 

from the skull within 45 seconds, and immediate freezing in isopentane. Similar to 

previously published work, in our initial studies, we used the large vascular-impermeant 

fluorescent dextrans, Texas Red 2000k.Da and Texas Red 70k.Da, to count the normal 

brain vascular density of both mice and rats. In subsequent studies we used indocyanine 

green (ICG), which upon entry to circulation becomes bound to albumin. Albumin is 

rapidly trapped in the vasculature, and has been used previously as a vascular marker 

(Habazettl et al 2010). In studies using Texas Red, we observed that vascular density 
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values in rat and mouse brain showed no significant difference from previously published 

results using manual counting methods. To expand the application of this method to 

pathological conditions, we used two experimental brain metastases of breast cancer and 

an implanted glioma model. Comparison of the metastatic and glioma models showed 

striking differences in vascular density. Brain metastases generally had a significantly 

lower number of capillaries per mass of tissue, compared to normal brain, whereas the 

highly aggressive RG-2 glioma model was 5-6 fold higher in density . In summary, we 

demonstrate that this methodology has the ability to efficiently and accurately calculate 

vascular density in normal and pathological brain tissue. Further, this method is easily 

transferable to numerous labs, which may increase vascular density counting as a variable 

in neurological studies. 

Methods: 

Chemicals: 

Lysine fixable dextrans Texas Red 2000k.Da MW and Texas Red 70kDa MW 

were purchased from Molecular Probes (Invitrogen, Eugene, OR). Indocyanine green 

(ICG) and all other analytical grade chemicals were purchased from Sigma-Aldrich (St. 

Louis, MO). 
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Cell Culture: 

Human metastatic breast cancer cells transfected with enhanced green fluorescent 

protein (eGFP) over-expressing Her2 (MDA-MB-231-BR-Her2), murine mammary 

carcinoma cells (4Tl-BR5), and rat glioma (RG-2) cells were cultured in DMEM 

supplemented with 10% FBS (MDA required Zeocin 300 µg per 500 mL media, 

Invitrogen). All cells were used in passages 1-10 and maintained at 3 7°C with 5% C02. 

For preparation of cells for injection, cells were grown to 70% confluency, trypsinized, 

and rinsed twice in 4°C PBS to remove all traces of serum. Cells were resuspended in 

serum free 4°C DMEM and placed on ice. 

Animals: 

Male F344 rats (220-330 g), male CD-1 mice (25-30 g), and female NuNu mice 

(- 25 g) were obtained from Charles River Laboratories (Kingston, NY) and used for all 

experiments in this study. All studies were approved by the Animal Care and Use 

Committee at Texas Tech University Health Sciences Center, and conducted m 

accordance with the 1996 NIH Guide for the Care and Use of Laboratory Animals. 

In Vivo Tumor Models: 

For development of metastases, female NuNu mice were anesthetized with 

isoflurane and inoculated with the breast cancer cell lines: MDA-MB-23 l-BR-Her2 

(1.75xl05) or 4Tl-BR5 (l.Oxl05), in the left cardiac ventricle with the use of a 

stereotaxic device (Stoelting, Wood Dale, IL), as previously described (Lockman et al 

20 I 0). Tumor cells seeded the brain and were allowed to grow for 4-6 weeks. F344 rat 
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intracranial implantation of RG-2 cells was accomplished using a stereotaxic frame after 

anaesthetizing with ketamine (75-100 mg/kg) and xylazine (6-8 mg/kg). Approximately 

l.Oxl0
5 

stably eGFP-transfected rat glioma (RG-2) cells in 5 µL serum free media were 

inserted to a depth of 5 mm and the needle was retracted to create a space for tumor 

growth. All animals were monitored for signs of lethargy, weight loss, paralysis, and 

hunched posture. 

Injection of Vascular Markers: 

One of the two fluorescent markers (Texas Red MW 2000kDa or Texas Red MW 

70kDa) was injected intravenously into F344 rats or CD-1 mice (1.5 mg/animal body 

weight) and allowed to circulate for 2 minutes. In tumor studies, on day 30 ± 2 (MDA

MB-23 l -BR-Her2), day 16 ± 2 (4T1Br5), and day 7 (RG-2), ICG (1.5 mg/animal), was 

injected intravenously and allowed to circulate 1 minute. Animals were then euthanized, 

the brain tissue was rapidly removed (< 45 seconds) and flash frozen in isopentane (-

650C). Care was taken to remove brain rapidly since slower removal may cause changes 

in the spatial distribution of tracers (Jay et al 1988; Williams et al 1991). Brains were 

sectioned using a cryostat (Shandon Cryotome®) at -30 °C. Slices were mounted on 

glass slides and air-dried. After tissue preparation, fluorescent images were captured to 

analyze vessel density utilizing the different molecular weight markers and ICG. 

Fluorescence Imaging: 

Fluorescence was observed with an Olympus IX8 l stereo microscope (Olympus 

America Inc., Center Valley, PA) using a 40x objective (NA= 0.6). The excitation and 
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emission of the Texas Red dextrans were accomplished using a chroma filter (Chroma 

Technology Corp., Rockingham, VT) with an excitation filter of 560 nm and an emission 

filter of 645 run. The fluorescence of ICG was captured using the same type of filter but 

with excitation and emission filters of 740 nm and 780 nm, respectively. The 

dichromatic mirror inhibited the capture of emission wavelengths of light below 565 nm 

for red fluorescence and 770 for ICG 

Vessel Density and Size Determination: 

Slices were analyzed using a binary masking methodology based upon 

fluorescence to define the vessel locations (Slidebook™ 5.0). Briefly, binary masking 

consisted of defining the vessel based on Texas Red and ICG fluorescence on a voxel by 

voxel basis. If Texas Red or ICG fluorescence was present(> 3-fold above background) 

it was considered to be a vessel. Vessel densities were calculated per area (mm2
) . Vessel 

diameters were determined utilizing the same software and masking system to identify 

the minor axis length of each object. 

Statistical Analysis: 

One-way ANOVA analysis followed by Bonferroni's multiple comparisons test 

was used for vessel density data analysis in control brains during development of the 

method. For all data, errors are reported as standard error of the mean unless otherwise 

indicated. For analysis of tumor vessel density, ANOVA analysis with Dunnett 's post

test was used to compare values within each brain region. This test was also used to 
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determine significant differences in tumor vessel diameter. Differences were considered 

statistically significant at the p< 0.05 level (GraphPad Prism 5.0). 

Results: 

Fluorescence Microscopy Observation of Vessel Density: 

To develop an efficient technique to identify and calculate brain vessel density, 

we utilized both rat and mouse femorally injected with Texas Red. dextran MW 2000k.Da 

or Texas Red MW 70k.Da (circulation time of 2 minutes), or ICG (circulation time of l 

minute) for tumor studies. Objects of interest were based on fluorescence sum intensity 

(> 3-fold above background) and subsequently counted for each brain region. 

Representative images are shown of vessel density (F344 and CD-1, 40x magnification) 

in various brain regions of high vascular density (ie: inferior colliculus with a greater 

number of red objects) and low vascular density (ie: genu of corpus callosum with fewer 

red objects) (Fig. 3.lA). Fig. 3.lB is a representative image of frontal cortex brain 

vasculature as identified with red fluorescence (Texas Red 70k.Da, 12x magnification); 

and Fig. 3.lC shows the overlay of the binary masking technique employed by the 

software to identify vessels. Smaller red objects are attributed to a minute part of the 

vessel appearing in the tissue slice. 
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Vessel Density Calculations: 

To calculate the density of fluorescently-labeled blood vessels, comprehensive 

digital microscopy software was used to select fluorescent objects voxel by voxel and 

calculate the total number of blood vessels per area (capillary sectionslmm2). Fig. 3.2A 

shows the local densities of perfused capillaries as calculated by Gobel et al, in 1991, 

where vascular densities were determined using different methods with two markers: 

FITC-globulin and FITC-dextran (both injected in the femoral vein), and FITC-globulin 

injection into tail vein. Observed densities varied from - 148 capillary sections/mm2 in 

the genu of corpus callosum to - 658 capillary sections/mm2 in the inferior colliculus. To 

determine if the current method using fluorescence microscopy would achieve similar 

values, Texas Red MW 2000k.Da was injected into the femoral vein (circulation of 2 

minutes). Capillary sections/mm2 calculated in F344 rats were: genu of corpus callosum 

161 ± 7, hippocampus 266 ± 18, superior colliculus 300 ± 24, frontal cortex 391 ± 55, 

and inferior colliculus 692 ± 18 (n= 5 animals) (Fig. 3.2B). Vascular densities in 

previous reports (Gobel et. al, 1991) fell within one standard deviation of values obtained 

in the current study using the Texas Red 2000k.Da marker in F344 rats. 

In our second set of experiments, we translated this method to calculate vacular 

density in the mouse brain, which is a species often used for cancer models but for which 

there is limited data on brain vascular density. In addition, we compared results observed 

with Texas Red 2000k.Da to those obtained using a smaller molecular weight marker 

(Texas Red 70k.Da) that is known to be vascular impermeant in the 120 second 

circulation time frame. Values obtained with Texas Red 2000k.Da in the mouse (CD- 1) 
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brain were: genu of corpus callosum 137 ± 19, hippocampus 230 ± 19, superior colliculus 

413 ± 35, frontal cortex 444 ± 36, and inferior colliculus 680 ± 41 (capillary 

sections/mm
2

) (Fig. 3.2C). Injection of Texas Red 70kDa in CD- I mice resulted in 

similar values (One way ANOVA followed by Bonferroni's multiple comparison's test; 

p> 0.05) as Texas Red 2000kDa, ranging from 155 ± 11 in the genu of corpus callosum 

to 711 ± 22 in the inferior colliculus (Fig. 3.2D). While the values within the mouse 

were similar (p> 0.05) using either tracer, a small increase in vascular density was seen in 

the superior colliculus and frontal cortex regions in the mouse brain compared to the 

F344 rat, though it was not signficantly different (One way ANOV A followed by 

Bonferroni's multiple comparison's test; p> 0.05). 

Vessel Size Distribution in Brain: 

For size analysis of fluorescently labeled vessels, we separated objects of interest 

(vessels filled with Texas Red 2000kDa) into categories based on minor axis length 

(diameter). Within both rat and mouse brains, the majority of vessels were in the 

capillary size range of < 10 µm (-81 % and - 94%, respectively) (Fig. 3.3). The size 

range with the greatest number of vessels was 2-4.99 µm (rat had 168 vessels and mouse 

had 90). The metarteriole range (- 10- 15 µm) contained - 12% and -4.8% of vessels 

counted in the rat and mouse brains, respectively. The rat model produced a greater 

number of vessels with diameter in the arteriole size range of > 15 µm (Howell et al 

1974) compared with the mouse counts (- 7% compared with - 1%). The increase in 

vessel density within the smaller size range is evidence of the high degree of 

vascularization in brain required to meet metabolic demands. 
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Vascular Density Values are Decreased in Preclinical Brain Metastases and Elevated in 
Implanted Gliomas Regardless of Location: 

After validation of the current counting technique in normal brain in both rat and 

mouse, we applied it to three pathological models of brain cancer: experimental brain 

metastases of breast cancer (MDA-MB-23 l-BR-Her2 and 4Tl-BR5) and an implanted rat 

glioma model (RG-2). Lesions were developed (- 30 days for MDA-MB-23 l-BR-Her2, 

- 16 days for 4Tl-BR5, and -7 days for the RG-2 model) and indocyanine green (ICG) 

was injected intravenously as a near-infrared tracer (Habazettl et al 2010). 

Representative images are shown of ICG labeled vasculature in normal brain parenchyma 

(Fig. 3.4A), a MDA-MB-231-BR-Her2 metastatic lesion (Fig. 3.4B), a 4Tl-BR5 

metastasis (Fig. 3.4C), and an experimental glioma (Fig. 3.4D). Qualitatively, a decrease 

in vessel density is observed in experimental brain metastases (Fig. 3.4B and C), 

compared to the higher densities seen in normal brain (Fig. 3.4A) and the experimental 

glioma model (Fig. 3.4D). As shown in Fig. 3.4E there is a quantitatively significant (p< 

0.001) - 2.5-fold reduction in capillary sections/mm2 in metastatic lesions (MDA-MB-

231-BR-Her2: 168 ± 37 and 4Tl-BR5: 250 ± 24) compared with normal brain 

parenchyma (443 ± 21) in cortical regions. Similarly, vascular density values of 

experimental lesions in the caudate putamen region of the brain, were also signifcantly 

(p< 0.001) decreased (MDA-MB-23 l-BR-Her2: 97 ± 7 and 4Tl-BR5: 178 ± 10) 

compared to the corresponding normal brain region ( 455 ± 26). In addition, the time 

frame for development of lesions corresponded to the vessel density and agressiveness of 

the lesion ie., - 32 days for metastases compared to - 7 days RG-2 gliomas; and vascular 
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density values of the experimental metastases (-138 capillary sections/mm2 average) 

were substantially less than (p< 0.001) that observed in the glioma model (736 ± 84). 

Vessel Size Distribution in Experimental Brain Metastases: 

Assessment of vascular diameter in metastases revealed a significant decrease in 

the number of capillary sections < 10 µm, (Howell et al 1974) in both the MDA-MB-

231-BR-Her2 (-45%) and 4Tl-BR5 (- 54%) tumor models (Fig. 3.5) compared to normal 

brain (-94%), p< 0.001. There was also an increase in the number of vessels within the 

metarteriole 10-15 µm (- 26% and - 22%) and a significant increase in the arteriole size 

range of > 15 µm (- 29% and -24%) in the MDA-MB-231-BR-Her2 and 4Tl-BR5 

models, respectively. These values were greater than the percentage of control vessels in 

these two categories (- 4% and - 1 %) suggesting the presence of aberrant and tortuous 

vasculature. 

Discussion: 

There are several limitations in current methodologies used to evaluate vascular 

density. The Chalkley method involves hand counting nuclei within randomly achieved 

hot spots, but is used to achieve ratios of volumes rather than actual cell numbers 

(Chalkley 1943). A second method is immunohistochemical staining of tissue for vessel 

density analysis. Limitations of thi s method include differing protocols from one lab to 

the next such as fixation techniques, antibody dilutions, and long storage periods, all of 

which can result in protein loss and contribute to human error (Bertheau et al 1998; 
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Jacobs et al 1996; Walker 2006). Lastly, vascular density has been manually calculated 

using perfused FITC labeled fibronectin or FITC conjugated dextran. While all three 

methods yield similar results, they all involve time consuming manual calculations 

(Gobel et al 1991 ; Klein et al 1986). In contrast with the previous methodologies, the 

current technique put forth in this report utlizes comprehensive digital microscopy 

software to evaluate microvessel density, yields immediate results thereby reducing 

counting time, and substantially reduces variability introduced by human error. 

The use of fluorescence to perform vascular density calculations has become a 

widely employed quantification technique. However, a major problem associated with 

fluorescent markers is photobleaching (the photochemical destruction of the fluorophore 

due to prolonged periods of exposure to a light source) (Giloh and Sedat 1982). To 

prevent photobleaching in this study, we limited the period of exposure of the 

fluorophores to 800 milliseconds with a green fluorescent filter and kept the slides in the 

dark at all times. Focusing of the images was performed in the dark utilizing a small 

amount of visible light to ensure no exposure to the excitation light until the moment of 

image capture. Using this technique, the observed total fluorescence intensity emanating 

from the vasculature did not change more than 7% during imaging (data not shown). 

To address the limitation of the potential vascular extravasation of the marker, we 

selected fluorescent markers either bound to large dextrans (Texas Red 2000k.Da and 

Texas Red 70k.Da) or to albumin. Vascular extravasation must be addressed since it 

would potentially increase vessel density counts and could affect the morphological size 
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analysis of vessels in brain. It has been previously shown that large molceular weight 

markers are trapped within the vasculature of the brain (Pardridge 2005). In our study, 

we used a circulation time of two minutes, to balance an adequate perfusion of the brain 

vasculature with minimal to no leakage of the marker into the brain parencyhma (Reese 

and Kamovsky 1967). Microscopic evaluation of our data revealed that all vascular 

sections had sharp fluorescence "edges" indicating the dyes were limited to the vascular 

space. This method may be applied easily into other laboratories as fluorescent dextrans 

of varying sizes are often used as vascular markers (Hoffmann et al 2011 ), given their 

price and relative ease of administration. In addition, Texas Red dextran may be 

particularly suited for vascular density counting since it has strong fluorescence in the red 

spectra (Molitoris et al 2002). This fluorescence can be easily distinguished from the 

tissue autofluoresence of normal brain, which is predominantly in the green spectrum of 

fluoresence. 

Early studies in counting brain vascular density presented conflicting numbers, 

with some groups presenting much lower data than others. While it was recognized that 

there was potential human error in counting, others groups postulated that not all 

capillary beds in brain were open during all times. One hypothesis was discussed which 

suggested that brain capillaries opened and closed over time creating "reserve" 

capillaries, that could be opened to deliver oxygen and glucose during increased 

metabolic demand (Klein et al 1986). A second hypothesis suggested that the opening 

and closing of capillaries occurred fairly quickly in response to a "stop and go" 

movement of blood (Ozanne 1975). However, as vacular density studies progressed, 
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values calculated using a method of capillary perfusion of FITC labled globulin were 

compared to values identified with immunofluorescent labeling, and no significant 

difference in various brain regions were noted (Gobel et al l 99 l ). Other studies reported 

similar results using gamma globulin coupled fluorophores and various circulation times, 

and eventually, it was accepted that brain capillaries appear to be constantly perfused 

under normal physiological conditions (Klein et al 1986). Our data are similar to the 

mentioned studies other than our calculations are performed with automated software. 

This study reports accurate vascular density numbers for CD- I mice and immune 

compromised mice (cortical and caudate putamen regions), which up to now has been 

signficantly lacking in the literature. Most studies that calculate vascular densities for 

pathological purposes employ a ratio method, reporting the vessel surface area dvided by 

the brain parenchyma area. Interestingly, in our study, we observed that vascular density 

of rat and mouse brains did show significant differences . The small variations observed 

can likely be attributed to structural differences between rat and mouse nervous tissue as 

a result of strain-related differences in vascular architecture (Beckmann et al 1999; 

Kitagawa et al 1998). 

To apply a semi-automated technique in a pathological model, we performed 

vascular density counts in mice with experimental brain metastases and an RG-2 rat 

glioma implantation model. Vessel density counts in MDA-MB-23 l-BR-Her2 metastatic 

lesions within the cortical region were reduced 62% compared to normal brain 

parenchyma. Metastases within the caudate putamen were decreased to densities 21 % of 
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control brain values and 13% of RG-2 gliomas. Implanted gliomas were highly vascular 

with densities - 1.5 fold greater than normal brain parenchyma. Gliomas are considered 

highly angiogenic and aggressive with increased vascular density; and metastases have 

been shown to have vessel densities at only fractions of corresponding normal tissue 

(Ribatti 2008; Yano et al 2000). 

In conclusion, the data presented herein confirm the validity of a semi-automated 

rapid methodology utilizing fluorescent microscopy and comprehensive digital 

microscopy software to efficiently evaluate brain vessel density. This study puts forth 

data showing congruence of this semi-automated technique to previously published 

manual counts. Application of the current technique to a pathological model 

demonstrated decreased vessel density within metastatic lesions and increased density in 

cranially implanted gliomas. Since analysis of vessel density plays a critical role in 

several disease states, this new technique will aid in more efficient data acquisition in 

both the clinical and laboratory settings. 
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Figure 3 .1: Representative fluorescence images showing perfused capillaries after two 
minute circulation of Texas Red dextrans in different brain regions. 
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A is an image of a brain slice (5 µm) after a 2 minute circulation of Texas Red 2000k.Da 
or Texas Red 70k.Da in rat and mouse among various brain regions. Regional vascular 
variability is evident by the greater number of red objects within the inferior colliculus 
compared to the genu of corpus callosum. B and C are representative color images of 
binary masking within the frontal cortex region of the mouse brain ( 40x magnification). 
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Figure 3.2: Validation of methodology to quantify vascular density in brain 
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A, Vascular density (capillary sections/mm2
) in different brain regions of male Sprague 

Dawley rats (data reproduced from (Gobel et al 1991 ). Vessel density calculations using 
masking technology which identifies red fluorescence in male F344 rats injected with 
Texas Red 2000k.Da after a 2 minute circulation are shown in B. Vessel density in CD-1 
mice utilizing Texas Red 2000k.Da (C) and Texas Red 70k.Da (D) obtained after a similar 
2 minute circulation. For statistical analysis, data from each region was compared to data 
values from the same region in the other experiments. For example, ANOV A analysis 
was run on hippocampus values from each experiment and no significant difference was 
seen (p> 0.05). Data were analyzed using one-way ANOVA followed by Bonferroni's 
multiple comparisons test. All values represent mean± SEM (n= 3-6). 
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Figure 3.3: Size distribution of vascular diameter in control regions of rat and mouse 
brain 

200 

N 

E 
E 150 -ti) c: 
0 -0 
Cl) 100 en 
~ 
nl 

a. 
nl 

(.J 
50 

0 
o,,°" ". /, , 

~ 

- Capillary 

o,,°" o,,°" o,,°" 
~· '\. ~· <,, "' , 

~ 

- Metarteriole 

o,,°" 
";)• 

" , 

"" 

- Arteriole 
1 

D F344 

• CD-1 

n= 675 vessels 

o,,°" 
<o· 

"' "~ 
, 

Capillary Diameter µm 

Comparison of rat and mice vessel diameters visualized with Texas Red dextran (MW 
2000k.Da, 2 minute circulation). A majority of vessels measured in both animals fell 
within the capillary size range of< 10 µm (Howell et al 1974). However, the rat showed 
a lower number of vessels in the size range 0 - 4.99 µm (-64%) compared to mice 
(-84%), but more vessels in the size range 5-10.99 µm (- 25% and -14%), respectively. 
The rat brain had more vessels in the arteriole size range > 15 µm (-4%) than mice 
(0.6%). All data represent mean± SEM (n= 675 vessels). 
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Figure 3.4: Vascular density is decreased in metastatic lesions compared to normal brain 
parenchyma regardless of location 
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MDA-MB-231-BR-Her2 cells were injected into the left cardiac ventricle and seeded the 
brain. On day -32, animals were injected with ICG (1.5 mg/kg) with circulation of 1 
minute. Representative images of ICG fluorescence in normal brain (A), MDA-MB-23 l 
BR-Her2 metastatic lesion (8), 4Tl-BR5 metastasis (C), and RG-2 glioma regions (D) 
are shown (Scale bars= 100 µm, 8x magnification). Blue lines delineate lesion regions. 
Vessel densities of metastatic lesions were significantly (p< 0.001) lower than 
corresponding normal brain control values in both cortex and caudate putamen. 
However, an increase in vascular density was seen in the RG-2 glioma model (located 
solely in caudate putamen, p< 0.001) (D). Statistical significance was determined using 
ANOVA with Dunnet's post test to compare values within each brain region. 
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Figure 3.5: Increased diameter of aberrant tumor vasculature 
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Lesion vasculature was visualized with ICG fluorescence and minor axis values were 
calculated. A significant decrease in the number of vessels within the size range < 5 µm 
was seen in both metastatic models compared with control values (calculated in CD-1 
mice with Texas Red 2000kDa). There was also an increase in the number of vessels 
within the metarteriole (-10-15 µm) and a significant increase in the arteriole size range 
(> 15 µm) (Howell et al 1974) in both tumor models indicating the presence of tortuous 
and aberrant angiogenic growth. Statistical significance was determined using ANOV A 
followed by Dunnett's post-test, p< 0.001. 
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CHAPTER4 

VASCULAR REMODELING IS ASSOCIATED WITH INCREASED 

PERMEABILITY OF EXPERIMENT AL BRAIN METASTASES OF BREAST 

CANCER 

Introduction: 

The incidence of brain metastases is increasing with -10-30% of patients with 

metastatic breast cancer diagnosed each year (Conrad 2001; Zhang et al 2011). 

Treatment options are limited to whole brain radiation, surgical resection, and 

chemotherapy which greatly alter quality of life, and only increase survival time 4-6 

months with > 70% fatality at one year (Harputluoglu et al 2008; Pestalozzi 2009; 

Wadasadawala et al 2007). In the subset of patients diagnosed with Her-2 amplified or 

"triple negative" tumors, brain metastases are often the first sign of relapse, even in the 

presence of stable disease (Bendell et al 2003; Leyland-Jones 2009). 

The presence of the blood-brain barrier (BBB) creates a "sanctuary site" for the 

development of central nervous system (CNS) metastases and serves as a physical barrier 

to limit drug entry to brain, which is why many treatment options fail (Conrad 2001; 

Honig et al 2005). The BBB is composed of three different cell types: endothelial cells, 

pericytes, and astrocytes (Abbott et al 2010; Zlokovic 2008). Limited brain drug uptake 

has been attributed to the restricted passive diffusion of molecules by endothelial tight 
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junctions or active removal by one or more efflux proteins present on the capillary 

endothelial cell membranes (Deeken and Loscher 2007). Similarly, the breast cancer 

chemotherapeutic drug paclitaxel has been found to have limited uptake in brain because 

of BBB p-glycoprotein efflux (Colombo et al 1994; Kemper et al 2003). However, 

active remodeling is often present in tumor endothelium of brain metastases resulting in 

the formation of the blood-tumor barrier (BTB) which may allow increased drug uptake 

(Gerstner and Fine 2007). This has led to the hypothesis that the BTB is more permeable 

in larger brain metastases thereby affecting the efficacy of CNS treatment (Jain et al 

2007; Zhang et al 1992). 

The role of the BBB in limiting drug uptake in brain metastases has been 

controversial for many years (Blasberg et al 1980; Groothuis et al 1983; Walbert and 

Gilbert. 2009). Clinical data is limited to qualitative studies using MRI or CT (Gerstner 

and Fine 2007), and most animal models utilize cranially implanted lesions which do not 

mimic the hematologic spread of cells from a distant site. There are currently a limited 

number of studies that use systemic tumor cell administration to allow the development 

of metastases (Blasberg et al 1984; Hasegawa et al 1983; Mendes et al 2005; Zhang et al 

1992; Zhang et al 2008). However, new experimental models of brain metastases of 

breast cancer, which use peripheral administration to selectively develop brain 

metastases, are now being developed (Heyn et al 2006; Palmieri et al 2007). 

Metastasis growth is dependent upon the induction of angiogenesis and therefore, 

assessment of vascular density can provide insight into lesion progression and 

73 



TTUHSC, Kaci A. Bohn, August 2011 

aggressiveness. Vascular density is variable in numerous cancer types. For example, 

gliomas are highly angiogenic while the vascular density in lung, mammary, and colon 

cancers has been reported to be only a fraction of their corresponding normal tissue levels 

(Assimakopoulou et al 1997; Nico et al 2008). During the angiogenic process, new 

blood vessels are formed. These immature vessels, unlike the mature established BBB, 

are undergoing active remodeling and are associated with increases in permeability. 

The goals of the current study are to utilize two preclinical models of brain 

metastases of breast cancer to 1) understand the changes in permeability as it relates to 

vascular density (surrogate marker of angiogenic activity), 2) determine if increases in 

lesion permeability would facilitate paclitaxel uptake into the lesion, and 3) evaluate 

permeability as it relates to vascular remodeling. 

Within this study, we observed that nearly all metastatic lesions, though 

exhibiting decreased vascular density, have elevated vascular permeability compared to 

the normal brain vasculature. The permeability changes are highly variable and range 

over 30 fold across both small and large lesions. In addition, there appeared to be no 

significant correlation between permeability and size of the metastatic lesions. While 

nearly all lesions showed an increase in permeability, only 10% of the lesions had enough 

paclitaxel uptake to induce cytotoxicity. With regard to vascular remodeling, nearly all 

blood vessels within a brain metastasis demonstrated some structural changes. 

Specifically, we observed 1) increased expression of the pericyte protein desmin, 2) the 

presence of the vascular proteins nestin and plasmalemma vesicle associated protein 
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(PV-1 ), and 3) a decreased expression of the tight junction protein zonula occludens-1 

(Z0-1 ). Furthermore, the increased expression of nestin and PV-1 correlated with 

increased permeability, and a converse trend was observed for Z0-1 (lower protein 

expression correlated to increased permeability). 

Methods: 

Cell Culture: 

Human MDA-MB-231-BR-Her2 and murine 4Tl-BR5 mammary carcinoma cells 

were cultured as previously described in CHAPTER 3. Murine brain endothelial cell 

cultures (bEND5) were cultured in DMEM medium (Cellgro Manassas, VA) 

supplemented with 10% fetal bovine serum, 1 % non-essential amino acids, 1 % sodium 

pyruvate, 1 % penicillin/streptomycin/amphotericin B, and 2% 200 mM L-glutamine. 

Cells were used at passages 1-10 and maintained at 37°C with 5% C02• Cells were 

transferred to acceptor compartments of 6-well plates (BD Falcon, Bedford, growth area 

9.6 cm2
) at a density of lxl04 and allowed to grow to confluency. Cells were serum 

starved for one hour before the inserts containing other cells were added and treatment 

was begun. As positive control for induction of PV-1, bEND5 cells were exposed to 

phorbol 12-myristate 13-acetate (PMA, Sigma) for the respective amounts of time (Stan, 

2004). 

Type I astrocytes DI TNCI {ATCC: CRL-2005) in passages 10-20 were cultured 

and grown in DMEM medium supplemented with 10% FBS. Cells were seeded on to 
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transwell insert membranes (Coming, PA, 24 mm, 3.0 µm pore size,) at a density of 

lxl0
4 

in DMEM and grown to confluency. Inserts were placed into acceptor 

compartments of 6-well plates containing bEND5 cells (bEND5 wells had prior serum 

starvation of 1 hour) and treatment of DMEM (1% FBS) containing VEGF (100 ng/mL) 

(recombinant human VEGF, R&D Systems, MN) was initiated. Treatment was 

performed for 24, 48, and 72 hours, at which point cell lysates were collected and later 

used for protein analysis. 

Western Blot: 

At respective time points, bEND5 cells treated with lOOng/mL VEGF, either 

alone or in co-culture with astrocytes, were washed with phosphate-buffered saline and 

harvested in lysis buffer (RIPA buffer, IX Thermo Scientific containing 0.5% protease 

inhibitor cocktail, Sigma). Western blot analysis with 20 µg protein was run on an 8-

16% SDS polyacrylamide mini gel. Protein was transferred to an lmmobilon PVDF 

membrane (Millipore), blocked with 5% non-fat dry milk for 1 hour, and probed with a 

1:1000 dilution of rat anti-PV-1 (BD Pharmingen) and mouse anti-~ Actin (Santa Cruz) 

at 4°C overnight. Membranes were probed with l :5000 dilution of secondary antibodies 

(HRP conjugated goat anti-mouse and goat anti-rat, Santa Cruz). Proteins were 

visualized using SuperSignal® West Pico Chemiluminescence system (Pierce). 

Animals: 

Female NuNu mice (-25 g) were obtained from Charles River Laboratories 

(Kingston, NY) and used for all experiments in this study. All studies were approved by 
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the Animal Care and Use Committee at Texas Tech University Health Sciences Center, 

and conducted in accordance with the 1996 NIH Guide for the Care and Use of 

Laboratory Animals. 

Experimental Metastasis Development: 

Immune compromised mice were injected with one of two breast cancer cell lines 

(human MDA-MB-231-BR-Her2 or murine 4Tl-BR5) into the left cardiac ventricle as 

described in CHAPTER 3. Tumors were allowed to develop over -4-6 weeks or until 

neurological symptoms of weight loss, lethargy, or paralysis appeared. 

Tracer or Drug Administration: 

Once neurological symptoms developed, animals were anesthetized and 14C-AIB 

(25 µC/ animal; American Radiolabeled Chemicals) or 14C-paclitaxel (25 µC/ animal, 10 

mg/kg in Taxol formulation, Moravek) was injected into the femoral vein and allowed to 

circulate from 2 to 480 minutes. While tracers were circulating, blood samples were 

collected to determine the time course of blood exposure (Asotra et al 2003; Blasberg et 

al 1983). For vascular density calculations, indocyanine green (ICG) (1 .5 mg/kg, Sigma) 

was injected intravenously (as described in CHAPTER 3). At the end of this procedure, a 

brief washout was performed, then brain was rapidly removed (< 45 seconds) from the 

skull, and flash frozen in isopentane (-65°C). Brains were sectioned using a cryostat (-

230C), slices were mounted on glass slides and stored at -80°C for protein and tissue 

preservation. Tissue samples, blood, and serum were collected for comparative analysis. 
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14 C Phosphorescence Imaging: 

For phosphorescence imaging, tissue sections were exposed to phosphor screens 

for 2 days to 2 weeks with tissue-calibrated 14C standards (GE Healthcare) and 

subsequently analyzed using a Fuji phosphoimager (FLA 7000, Stamford, CT). Images 

were converted and analyzed using MCID software (Image Research). Brain 14C 

concentrations ranged from 40-80 nC/g in 14C-AIB experiments. 

Kinetic Analysis: 

Briefly, passive permeability was calculated by the unidirectional blood-to

metastasis transfer coefficient (Kin) for 14C-AIB in normal brain. The Kin value (n= 8) 

was calculated as 2.9 ± 1.1 x 10-5
. After values were obtained for control animals, data 

was calculated in experimental animals. In most experiments, residual intravascular 

tracer was removed (30-60 seconds) by a brief post perfusion. Metastases were 

considered to have elevated values when permeability and drug concentrations were 

greater than mean ± 3 SD from normal brain. 

Vessel Density and Diameter: 

Vascular density was determined with injection of ICG as described m 

CHAPTER3. 

lmmunofluorescence: 

Tissues were rehydrated in PBS and then fixed in either cold acetone for collagen 

type IV (Millipore) and desmin antibody (DAKO), ice-cold methanol for ABCBl (Santa 
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Cruz Biotechnology), or cold 4% PF A for cleaved caspase-3 (Cell Signaling), PV-1 (BD 

Pharmingen), nestin (BD Pharmingen), Z0-1 (Santa Cruz), and CD3 l (BD Pharmingen). 

After three PBS washings (5 minutes), slides were blocked with either 4% or 10% goat 

serum and 0.2% Triton-X 100 (I hour). After blocking, primary antibodies were added, 

followed by overnight incubation at 4°C. The next day, the slides were washed and 

secondary antibodies and DAPI (I mg/mL) were added (1 hour). Slides were again 

washed, DAKO mounting medium was added, and coverslips were applied. For 

qualitative analysis of fluorescence signal, metastasis regions and/or vasculature were 

identified with DAPI or CD3 l labeling, respectively. Intensity of fluorescence signal 

was then calculated per area (mm2 or µm2
) using Slidebook™ software. 

Statistical Analysis: 

Prism 5 software was used to analyze the data. Results are presented as mean ± 

SEM Linear regression analysis was used to determine correlation between: l) 14C-AIB 

permeability and metastasis size, 2) fold increase in 14C-AIB permeability and fold 

increase in fluorescence intensities, and 3) percentage of PV-1 positive vessels and 14C

AIB permeability. Significance of protein expression in permeable versus non-permeable 

lesions and the percentage of PV-1 positive vessels between the two lesion groups was 

determined using student's t-test. One way ANOVA followed by Dunnett's post-test was 

used to determine Z0-1 significance. Statistical differences in ABCB 1, desmin, and 

collagen type IV were assessed using nonparametric Mann Whitney test. Differences 

were considered statistically significant at the p< 0.05 level (GraphPad Prism 5.0). 
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Results: 

Increased Permeability in Experimental Brain Metastases: 

In our initial set of experiments, our overarching goal was to determine if there 

was a relationship between vascular density and permeability changes and/or drug uptake 

in metastases. First, we simultaneously administered ICG and 14C-AIB, allowing us to 

quantify both vascular density and changes in BTB permeability within the same tumor. 

We show qualitatively that some lesions have significant increases in permeability (Fig. 

4.lA-D), while other lesions are only slightly permeable (Fig. 4.lE-H). We observed 

that, within single brain sections containing multiple metastases, there was a range of 

permeability (Fig. 4.28). Quantitatively, lesions (n= 285) had 10-30 fold variability in 

permeability to 14C-AIB (Fig. 4.2C). Changes in permeability were noted across the 

range of metastases from small micrometastases ( < 1 mm diameter) to large, clinically 

detectable lesions (> 1 mm diameter); though no clear relationship was observed between 

permeability and lesion size (r2= 0.11). Similar results were also observed in the 4Tl

BR5 murine mammary carcinoma line (data not shown). 

To further analyze the data, after we had calculated permeability for brain 

metastases, lesions were categorized into either "non-permeable" or "permeable" based 

upon whether the changes in 14C-AIB permeability were three standard deviations greater 

than the mean Kin of 14C-AIB in normal brain. As shown in (Fig. 4.3A and B) there was 

no correlation between vessel density or permeability and metastasis size in either model. 

80 



TTUHSC, Kaci A. Bohn, August 201 I 

In summary, at the conclusion of our first set of experiments, we could not clearly 

correlate permeability to vascular density in the experimental brain metastasis models. 

Drug Uptake Studies: 

Since we observed that nearly all metastases demonstrated increases in vascular 

permeability, we then asked whether the vascular permeability changes would be 

sufficient to allow paclitaxel, a drug normally excluded from the CNS (Fellner et al 

2002), to enter metastases at concentrations high enough to induce cytotoxicity. Similar 

to what was observed for the BTB passive permeability changes, 14C-paclitaxel 

concentrations were variable between metastases, with some lesions increasing by greater 

than 200-fold. In the analysis of 379 MDA-MB-231-BR-Her2 brain metastases, 14C

paclitaxel concentrations were elevated in 85% of the lesions (p< 0.05), with only a small 

subset (10%) increasing by greater than 50-fold. These data suggest that while the BTB 

is partially compromised, it still significantly limits drug delivery compared to peripheral 

metastases. 

We then determined if paclitaxel achieved cytotoxic concentrations m brain 

metastases of paclitaxel-treated animals. MDA-MB-23 l -BR-Her2 brain sections from 

animals exposed to paclitaxel for 8 hours in vivo were stained for cleaved caspase-3 as a 

marker of apoptosis (Erba et al 2010; Ottewell et al 2008). Positive caspase-3 staining, 

indicative of paclitaxel-induced cytotoxic effects, was only observed in lesions 

containing 14C-paclitaxel concentrations > 1000 ng/g, which were - 10% of brain 

metastases. In summary, our second set of experiments demonstrated that, while the 
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BTB is compromised and allows increased paclitaxel accumulation into metastases 

(compared to normal brain), it is still restrictive in nature in 90% of the lesions. 

Confirmation of Vascular Remodeling in Brain Lesions: 

In our last set of experiments, we set out to determine if there were molecular 

changes that would account for the observed increases in permeability. To complete 

these experiments, we induced experimental brain metastases, removed and sectioned the 

brain, and evaluated the expression levels of critical vascular proteins in relation to 

CD31. We observed that desmin, a marker for pericytes (Daneman et al 2010; Hall 

2006), was substantially increased in the permeable lesions (Fig. 4.4A and B). This 

observation is consistent with newly sprouting blood vessels that use newly created 

pericytes to guide their formation. We did not see similar increases in collagen type IV 

(Fig. 4.4C and D) or the transporter ABCB 1 (P-glycoprotein) (Fig. 4.4E). 

Next, we evaluated the metastases vasculature for the expression of the neo

vasculature marker nestin. Nestin is a protein that is observed in newly formed blood 

vessel endothelia (Hoffman 2011; Teranishi et al 2007). Nestin expression was observed 

in both permeable and non-permeable lesions from both model systems (Fig. 4.SA-D). 

Of significance, nestin expression was 25% greater (p< 0.05) in the permeable MDA

MB-23 l-BR-Her2 lesions compared to the non-permeable lesions (Fig. 4.SE), though no 

statistical significance was observed in the 4Tl-BR5 model (p> 0.05). A positive 

correlation between 14C-AIB permeability and nestin expression was observed in the 
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MDA-MB-23 l-BR-Her2 model (r2
= 0.34, p< 0.05) (Fig. 4.SF), but no correlation was 

observed in the 4Tl-BR5 model (r2= 0.011, p> 0.05) (Fig. 4.SG). 

Expression ofZ0-1 and PV-1 in Tumor Endothelium: 

Our last set of experiments correlated changes in metastases permeability with the 

expression of vascular proteins PV-1 and Z0-1; changes in the expression of both 

proteins has previously been associated with permeability changes (Gardner et al 1996; 

Liu et al 2008; Shue et al 2008; Strickland et al 2005). Z0-1 expression was observed to 

be significantly decreased in all vasculature within the metastatic lesions from both 

models compared to normal brain vasculature (Fig. 4.6D). This data is consistent with 

previous work demonstrating that when neurons and or astrocytes are removed from 

close proximity of the brain vasculature, Z0-1 expression is either decreased or not 

correctly positioned within the cell to effectively shut down paracellular movement 

between blood and brain (Ballabh et al 2004). 

Of significant interest, we also observed the presence of the fenestration

associated protein PV-1 within vasculature of both metastases models (Fig. 4. 7). In stark 

contrast, there was a complete absence of this protein in the normal brain vasculature. 

The number of PV-1 positive vessels was significantly greater in permeable lesions of 

both models (- 18 ± 2%) compared with non-permeable (-8.5 ± 2%), p< 0.05 (Fig. 4.7E). 

A significant correlation was observed between permeability and the number of PV-1 

positive vessels in both models (MDA-MB-231-BR-Her2 r2= 0.46, p< 0.001 (Fig. 4.7F) 

and 4Tl-BR5 r2= 0.34, p< 0.001 (Fig. 4.7G)). To verify the induction of PV-1 in vitro, 
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we performed Western blot analysis of bEND5 cells, alone and in co-culture with 

astrocytes, treated with recombinant human VEGF (100 ng/mL) for 24, 48, and 72 hours. 

We observed a substantial increase in the presence of PV-1 with VEGF treatment (Fig. 

4. 7H). In aggregate, the data are suggestive of the presence of fenestrations within tumor 

endothelium, which would substantially contribute to increased lesion permeability. In 

summary, our last set of experiments identified four molecular targets ( desmin, nestin, 

Z0-1, and PV -1) that are associated with increased lesion permeability. 

Discussion: 

Utilizing fluorescence and phosphorescence imaging techniques, we have 

developed a better understanding of BTB integrity and drug delivery in relationship to 

angiogenesis and vascular remodeling. CNS metastases have proven difficult to study 

due to the lack of in vivo models that adequately replicate the metastatic process. The 

experimental brain metastases of breast cancer models used in this work more precisely 

mimic the steps of blood-brain barrier invasion compared to traditional CNS implanted 

tumor models. These brain-seeking metastatic cells are injected into the left cardiac 

ventricle, circulate in the peripheral vasculature, arrest in brain capillaries ("seed"), 

extravasate across the in vivo BBB, and finally develop a metastatic lesion. This model, 

when compared to human brain metastases of breast cancer, was found to have equivalent 

rates of proliferation and apoptosis (Fitzgerald et al 2008), a similar neuro-inflammatory 

response (Fitzgerald et al 2008) and results in metastases that are detectable with MRI 
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contrast-enhancement (Song et al 2009). This is important because metastases are the 

most abundant form of brain tumors in adults (Kirsch et al 2004). 

To determine the extent of permeability alterations as a result of angiogenesis and 

vascular remodelling, animals were simultaneously injected with a marker of passive 

permeability (1 4C-AIB) and a vascular marker (ICG), and analysed using fluorescence 

and phosphorescence imaging techniques. We observed that unlike previous studies, 

vascular density did not appear to significantly correlate with changes in permeability 

(Primeau et al 2005). In addition, within these metastases, less than l 0% of lesions had 

permeability increases > 10-fold. Both tumor models provided evidence that both small 

(< 0.8 mm2
) and large lesions {> 3 mm2

) had compromised BTB integrity. The 

permeability of micrometastases (< 500 microns) has been controversial in the literature 

(Fidler et al 201 O; Fidler 2011 ), but these findings illustrate that small lesions are in fact 

permeable to 14C-AIB, suggesting a compromised BTB regardless of size. Although we 

observed marked increases in permeability of the BTB, changes seen were much less than 

the permeability of peripheral breast tumors, or of brain regions lacking a BBB 

(Fenstermacher et al 1988; Hasegawa et al 1983), suggesting only partial barrier 

compromise. 

Next, we asked whether variable BTB permeability alterations would also be 

observed for the uptake of paclitaxel into metastases. Administration of 14C-paclitaxel at 

clinical dosage ( 1 O mg/kg) showed minimal uptake in metastatic lesions, compared with 

systemic tissues, and only - 10% of lesions showed evidence of apoptosis (data not 
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shown). The limited drug uptake in this model illustrates that permeability changes at the 

BTB are not substantial enough to improve drug delivery to lesions. 

Metastases overcome decreased vessel density through the release of VEGF, 

which activates angiogenic switches and promotes tumor survival (Grothey and Galanis 

2009; Leek et al 1994). Angiogenesis creates a tortuous vessel network that is largely 

ineffectual, with reduced blood flow and compromised permeability compared to the 

normal brain vascular bed (Jain et al 2007). In our last set of experiments, we 

characterized the presence of angiogenesis in the experimental brain metastasis models as 

it related to permeability changes. Within permeable lesions, we noted an increased 

expression of desmin, indicative of an increased number of pericytes, which aid in 

structural support and paracrine signalling. This is consistent with previous reports 

showing that vascular morphological changes in brain lesions are initially associated with 

alterations in the number of pericytes (Liebner et al 2000). In addition, abnormal 

pericyte coverage has been seen in brain lesions and is associated with hyperdilation and 

loss of vascular function (Bergers and Song 2005). This data is consistent with the 

formation of new blood vessels and endothelial turnover (Rigau et al 2007) which would 

contribute to increased permeability. 

We also stained for the presence of nestin, an intermediate filament protein with 

little to no expression in adult mouse brain (Idoate et al 2011). We observed in our 

model systems that there was a correlation between increased nestin expression and 

increased 14C-AIB permeability. Previous studies have demonstrated that nestin is 
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upregulated in brain vasculature during tumor growth, validating the use of nestin as a 

marker of tumor progression and/or angiogenesis (Mokry et al 2004; Sugawara et al 

2002). Clinically, higher nestin expression correlates with higher grades of gliomas 

(Madema et al 2007) that are generally more vascularized. In addition, in vitro studies 

have suggested that nestin increases endothelial cell migration (lshiwata et al 2011 ). Our 

results showed that in spite of decreased vascular density in metastatic lesions, nestin 

expression correlated with increase permeability verifying the role of this protein as a 

mechanism of barrier disruption. 

Altered expression of Z0-1 and the presence of PV-1 were also explored as 

mechanisms of increased BTB permeability. We observed that decreased Z0-1 

expression correlated with increased permeability of the lesion. Z0-1 acts as a 

scaffolding protein that anchors the tight junction protein occludin to the endothelial 

membrane in the formation of the BBB (Abbott et al 2010; Mitic and Anderson 1998). A 

study performed on human breast carcinomas revealed a decrease in Z0-1 expression in 

more than 60% of samples (Hoover et al 1998). Additionally, decreased expression of 

the tight junction scaffolding protein Z0-1 has been associated with increased BBB 

permeability in vivo and in vitro (Gardner et al l 996; Liu et al 2008). 

Lastly, we observed the presence of the membrane-bound glycoprotein PV-1 in 

the vasculature of experimental brain metastases. PV-1 is a protein found in both 

fenestrations and caveolae of lung and kidney but is absent in brain endothelium 

(loannidou et al 2006), which is in agreement with our data. However, the formation of 

87 



TTUHSC, Kaci A. Bohn, August 2011 

PV-1 is induced by VEGF both in vitro and in vivo, and PV-1 was associated with BBB 

disruption in CNS lesions (Ioannidou et al 2006; Shue et al 2008; Strickland et al 2005). 

It is of interest that the presence of PV-1 was observed in only -17% of permeable and 

-8% of non-permeable lesions. We speculate that the small number of defects in the 

vasculature created by PV-1 may be highly responsible for the increased permeability of 

the lesion. Additionally, PV-1 co-localization in metastasis vasculature may not only be a 

novel molecular marker to identify lesion blood vessels, but may also have use as a 

potential therapeutic target in brain drug delivery (Carson-Walter et al 2005; Shue et al 

2008). 

In conclusion, we have demonstrated that brain metastases of breast cancer have 

variable permeability, but permeability is insufficient to allow therapeutic concentrations 

of drugs into the lesions. In addition, we identify four novel proteins (desmin, nestin, 

PV-1, and Z0-1) that are associated with increased permeability of the lesions. It is 

hoped that these leads may be exploited to increase permeability, drug uptake, and drug 

efficacy. 
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Figure 4.1: Simultaneous measurement of 14C-AIB permeability with ICG vascular 
density in brain metastases 

Representative images of permeable (A-D) and non-permeable lesions (E-H) are shown. 
EGFP fluorescence of the tumor is shown in (A and E), 14C-AIB accumulation is shown 
in Band F, ICG labeled vessels are shown in C and G. The merged images are shown in 
D and H. 
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Figure 4.2: Experimental brain metastases of breast cancer exhibit variable passive 
permeability. 
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Panel A, is a representative image of eGFP-transfected MDA-MB-23 l-BR-Her2 lesions. 
B shows the brain accumulation of 14C-AIB and C shows the fold elevation over normal 
brain of 14C-AIB {n= 285, r2= 0.11 , p< 0.05) in individual MDA-MB-231-BR-Her2 brain 
metastases versus metastasis size (mm2

) . Normal brain from same slice equals 1.0 
(represented by the horizontal line). Diameter in one plane is shown in vertical lines. 
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Figure 4.3: Lack of correlation between vascular density and lesions size in permeable 
and non-permeable metastases 
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Animals were injected with 14C-AIB (10 minutes) as a marker of passive permeability 
and vessel density was calculated with ICG fluorescence. Lesions were subdivided into 
permeable (greater than the K in of normal brain plus three standard deviations) and non
permeable. Assessment of vascularity in both permeable and non-permeable lesions 
shows no correlation with tumor size in MDA-MB-231-BR-Her2 (n= 86) (A) or 4Tl
BR5 (n= 40) (B). Diameter in one plane is shown in vertical lines. 
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Figure 4.4: Immunofluorescent analysis confirms vascular remodeling m BTB of 
experimental brain metastases. 
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Representative images of desmin (A, green) and collagen type IV (C, green) in 
association with CD3 l labeled endothelium (red) and DAPI (blue) within serial sections 
from the same brain. Data illustrate a - 2-fold increase in association of CD3 l + area and 
desmin staining within permeable lesions (n= 35 total lesions) suggestive of vascular 
remodeling (p< 0.001) (B). Staining was repeated for collagen type IV and no significant 
difference was observed (D). Similarly, no correlation was seen in CD3 l association 
with ABCB 1 (P-gp) (E). Statistical analysis was determined using Mann-Whitney test, 
p> 0.05. 
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Figure 4.5: Fluorescent expression of neo-vasculature marker nestin in metastatic lesions 
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Representative images are shown of non-permeable and permeable lesions in MDA-MB-
231-BR-Her2 (A and B) and 4Tl-BR5 lesions (C and D), respectively. Nestin 
expression (red) was co-localized with CD3 l (green) within DAPI labeled lesions (blue). 
A 25% increase in nestin expression was seen in MDA-MB-23 l-BR-Her2 permeable 
lesions compared with non-permeable (E). No difference was seen in the 4T l-BR5 
model. Plotting nestin expression versus fold increase in 14C-AIB permeability revealed 
a correlation in the MDA-MB-23 l -BR-Her2 model (r2= 0.33, p< 0.05) (F) and no 
correlation in the 4Tl-BR5 model (r2= 0.011 , p> 0.05) (G). Statistical analysis was 
determined using student's t-test, p< 0.05. Scale bar = 50 µm. 
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Figure ~.6: ~ecreased expression of the tight junction scaffolding protein Z0-1 in all 
metastatic lesions 
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Immunofluorescent analysis revealed decreased Z0-1 expression in both metastatic 
models. Z0-1 (red), CD31 (green), and DAPI (blue). Vessels within normal brain (non
tumor region) are shown illustrating intense staining of Z0-1 (A). Representative images 
of non-permeable (Band E) and permeable (C and F) lesions of MDA-MB-231-BR-Her2 
and 4Tl-BR5 lesions, respectively. Z0-1 expression was decreased in all metastases 
compared to normal brain vasculature (D). Statistical significance was determined using 
ANOV A followed by Dunnett's post-test, p< 0.05. Scale bar = 25 µm. 
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Figure 4.7: Experimental brain metastases stain positive for PV-1, a fenestration 
associated protein, which correlates with increased permeability. 

F 
MDA-MB~l1-8R~r2 

" > = 
~ 
0. 

> 
0. 
"(j . . : .. 
& 2 
~.. . . . . . 
~ 1 • • • 
CL ':. • 

10 20 JO 40 

Fold Increase In All 
Permoability 

G 
.. 
~ 
;; 
0 
0. 

> 
0. 
"(j 

~ 2 
c 
" ~ 1 
0. 

·. . .. . ... 
1 • ... ,. • 

··. 
fold "1ctHt• In AD 

Permeability 

E 2 CJ Non-permeable 

• Permeable 
QI 

:e 
vi 
0 
ll. 

2 

;: .!!! 15 
ll. QI 
.... vi 
0 vi 
QI QI 
ci> 10 
IO c 
QI 
0 .... 
QI 
ll. 

o~--

** 

MDA·MB-231 -BR·Her2 4T1·BR5 

H 
rhVEGF 100 ng/ml 

•PM A. 24 48 72 24 48 72 

PV0 1 

Act In 

bENDS bENOS + bENDS 
As1rocytes 

Negative Control 
24 48 72 

PV·1 

Actln 

bENDS 

Slices from metastases bearing animals, which were injected with 14C-AIB, were stained 
for expression of PV-1 (red), CD31 (green), and DAPI (blue). Representative images are 
shown of MDA-MB-231-BR-Her2 (A and B) and 4Tl-BR5 (C and D) non-permeable 
and permeable lesions, respectively. PV-1 expression was observed in more than 18% of 
permeable lesions in both metastases models compared with only -8% in non-permeable 
lesions (E). Comparison of fold increase in 14C-AIB permeability with percentage of PV-
1 positive vessels illustrated a correlation in the MDA-MB-231-BR-Her2 (r2= 0.46, p< 
0.001) (F) and 4Tl-BR5 (r2= 0.34, p< 0.001) models (G). To confirm the induction of 
PV-1 in vitro, bENDS cells were exposed to VEGF (100 ng/mL) both alone, and in co
culture with astrocytes for 24, 48, and 72 hours. Western analysis confirmed induction of 
PV-1 . PMA was used for positive control (H). Statistical significance was determined 
using student's t-test, p< 0.05. Scale bar = 25µm. 
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CHAPTERS 

BEV ACIZUMAB DECREASES VASCULAR PERMEABILITY IN A BRAIN 

METASTASES OF BREAST CANCER MODEL 

Introduction: 

Presently, ~20% of patients with metastatic breast cancer are diagnosed with 

central nervous system (CNS) metastases. Current treatment options are poor and only 

increase survival less than six months (Pestalozzi 2009). Previously, we used a 

preclinical model to analyze 2,000 brain metastases of breast cancer and observed that 

while nearly all lesions had increased permeability, only 10% of the lesions were 

permeable enough to allow drug to accumulate at concentrations sufficient to induce 

cytotoxicity (Lockman et al 2010). The data suggest that the blood-brain barrier (BBB) 

and the blood-tumor barrier (BTB) present a significant obstacle in the treatment of brain 

metastases by limiting drug uptake to sub-therapeutic levels. 

The BBB serves as a structural and functional barrier which limits passive 

diffusion of hydrophilic and charged compounds into brain (Abbott et al 2010). In the 

presence of metastases that secrete vascular endothelial growth factor (VEGF), new 

vessels are either sprouted from existing BBB vessels or potentially created de novo. 

BTB vessels are different compared to the BBB in that they have increased permeability, 

up or down regulation of BBB transporters, and potentially reduced blood flow (Bronger 
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et al 2005; Gerstner and Fine 2007; Hiesiger et al 1986). Tumor growth is dependent 

upon angiogenesis (Folkman 1971) and the secretion of growth factors such as VEGF 

which act to destabilize endothelium thus increasing permeability (Veeravagu et al 2007). 

Bevacizumab, a monoclonal antibody which scavenges VEGF, is proposed to 

work by inhibiting angiogenesis (reducing vessel branching and growth) (Borgstrom et al 

1996), resulting in slower tumor development (Holloway et al 2006; Roland et al 2009; 

Zhang et al 2002), reduction of metastasis formation (Ellis et al 2000; Verheul et al 

2007), and improved drug delivery through vascular normalization (Jain 2005; Tong et al 

2004). Several studies evaluating bevacizumab in glioblastoma patients demonstrated 

that pharmacological treatment reduced brain edema and intracranial pressure, leading to 

a small increase in progression-free survival (Verhoeff et al 2009; Vredenburgh et al 

2007). However, a review evaluating bevacizumab in CNS tumors (clinical and 

preclinical glioma models) showed that bevacizumab decreased the permeability of the 

contrast agent gadolinium at the BTB (Thompson et al 2011). Currently, the only 

bevacizumab data available for brain metastases of breast cancer are two studies which 

report only the relative risk of hemorrhagic events when taking the drug (Besse et al 

2010; Labidi et al 2009). Given that previous observations suggest drug uptake and 

efficacy strongly correlate with increased permeability of the BTB (Lockman et al 2010), 

and that bevacizumab reduces permeability of the BTB (Thompson et al 2011 ), we 

hypothesize that bevacizumab treatment will limit drug uptake in experimental metastatic 

lesions leading to decreased cytotoxicity. 
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In this study, we utilized a novel preclinical brain metastases of breast cancer 

model in which MDA-MB-231-BR-Her2 cancer cells were injected into the left cardiac 

ventricle of female NuNu mice. Metastases were allowed to develop and on day I 0, 

treatment with bevacizumab (10 mg/kg) was initiated twice weekly until animals were 

euthanized on day 32. Prior to euthanasia, animals were injected with 14C-AIB for 

permeability studies or 
14

C-paclitaxel (10 mg/kg in Taxol formulation) for drug studies, 

and quantitative autoradiography {QAR) was performed to calculate permeability and 

drug uptake. We observed bevacizumab therapy significantly reduced the 14C-AIB 

permeability of the BTB of established metastatic lesions from - 30-fold in un-treated 

controls to -2.7-fold in bevacizumab treatment groups (compared to surrounding brain). 

Bevacizumab treatment also produced fewer lesions than the un-treated animals. Drug 

studies of 14C-paclitxel showed decreased drug uptake in lesions to values < 788 ng/g, 

which was too low to induce cytotoxicity. This study demonstrates that bevacizumab 

reduces permeability of the BTB and thereby limits drug uptake and effect. Clinically, 

these results indicate the need for further investigation into the use of bevacizumab as 

adjunct therapy in patients with CNS lesions. 

Methodology: 

Chemicals: 

Texas Red 3kDa was purchased from lnvitrogen (Carlsbad, CA). 
14

C-AIB (a

aminoisobutyric acid, specific activity: 55 mC/ mmole) was purchased from American 
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Radiolabeled Chemicals (St. Louis, MO). 14C-paclitaxel (25 µC/g per animal, IO mg/kg 

in Taxol formulation) was purchased from Moravek (Brea, CA). Bevacizumab was 

purchased from Genentech (San Francisco, CA). All other chemicals are of analytical 

grade and were purchased from Sigma-Aldrich (St. Louis, MO). 

Animals: 

Female NuNu mice (25-30 g) were obtained from Charles River Laboratories 

(Kingston, NY) and used for all experiments in this study. All studies were approved by 

the Animal Care and Use Committee at Texas Tech University Health Sciences Center, 

and conducted in accordance with the 1996 NIH Guide for the Care and Use of 

Laboratory Animals. 

Cell Culture: 

Human metastatic breast cancer over-expressing Her2 cells (MDA-MB-23 l -BR

Her2) were cultured as previously mentioned in CHAPTER 3. 

Development of Metastases and Administration of Bevacizumab: 

Mice were anesthetized and inoculated with the breast cancer cell line (MDA

MB-231-BR-Her2: 1.75 x 105) in the left cardiac ventricle with the use of a stereotaxic 

device (Stoelting, Wood Dale, IL). Metastases seeded the brain and bevacizumab 

treatment was administered beginning on day 10 (IO mg/kg, i.p., twice weekly) (Lucio

Eterovic et al 2009) and continued until day 32, at which point animals were euthanized. 
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All experiments were conducted in accordance with approved animal use protocols as 

previously described. 

Tracer or Drug Administration: 

For permeability studies, 14C-AIB (25 µCi/animal) was injected intravenously (l 0 

minute circulation), a brief washout was performed, animals were euthanized, brain tissue 

was removed, and placed in isopentane (-65°C). For 14C-paclitaxel studies, animals were 

injected with radiolabeled drug (25 µCi per animal) which was circulated for 2 hours. 

With 10 minutes remaining, Texas Red 3kDa dextran (60 mg/kg) was injected i.v. as a 

permeability marker, a brief washout was performed, animals were euthanized, and tissue 

as well as blood samples were harvested for drug analysis. Brains were sliced using a 

cryostat (Leica Microsystems, Wetzler, Germany) and sections were mounted on glass 

slides, air dried, and stored at -80°C. Autoradiograms were generated for each brain. 

lmmunofiuorescence: 

Slides adjacent to those used for QAR analysis were used for 

immunofluorescence staining. Tissues were rehydrated briefly in phosphate buffered 

saline (PBS) and fixed in cold 4% paraformaldehyde (4°C) for 30 minutes. After three 

washings with PBS, the slides were then covered in 1 % sodium dodecyl sulfate for 5 

minutes and rinsed again with PBS. Slides were submerged in blocking solution of 10% 

goat serum in PBS for 30 minutes at room temperature. The following primary 

antibodies were diluted in 5% goat serum: vascular endothelial growth factor (VEGF, 

Santa Cruz); vascular endothelial growth factor receptor 2 (VEGFR2, Cell Signaling), 
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and CD31 (BD Pharmingen), applied to slides, and incubated overnight at 4°C followed 

by washing. Sections were covered in 0.03% hydrogen peroxide + 0.1 % sodium azide 

for 10 minutes and subsequently washed. After a second blocking with 10% goat serum 

for 30 minutes, slides were incubated with secondary antibodies diluted in 5% goat 

serum: Alexa Fluor® 594 and Alexa Fluor® 488 (Molecular Probes). DAPI (Invitrogen, 

4',6-diamidino-2-phenylindole, dilactate,) was then added to this solution at 1 mg/mL 

and slides were incubated for 1 hour at room temperature. Slides were again washed, 

mounting solution (DAKO) was added, and coverslips were applied. 

Statistical Analysis: 

Statistical significance for comparison of VEGF and VEGFR2 intensities between 

permeable and non-permeable lesions were determined by student 's t-test. Linear 

regression analysis was utilized to determine correlation of 14C-AIB permeability with 

VEGF sum intensity and metastasis size (for both non-treated and bevacizumab groups), 

respectively. One way ANOVA followed by Bonferroni's multiple comparisons test was 

used to compare all columns in the AIB brain space analysis. Lastly, linear regression 

analysis was also used to determine correlation between 14C-paclitaxel uptake with 

permeability and lesions size. All differences were considered statistically significant at 

p< 0.05. Data is reported as Mean ± Standard Error of Mean (SEM) (GraphPad Prism 

5.0, San Diego, CA). 
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Results : 

VEGF Expression in Metastatic Lesions 

To determine the relative expression of VEGF, brain slices from animals that had 

developed experimental brain metastases of breast cancer were stained with anti-VEGF 

and anti-CD3 l antibodies. Lesions were then categorized into either "non-permeable" or 

"permeable" based upon whether the changes in 14C-AIB permeability were three 

standard deviations greater than the mean Kin of 14C-AIB in normal brain. Fig. 5.lA 

shows a representative image ofVEGF staining in a non-permeable lesion (as determined 

on the adjacent slide with 14C AIB); Fig. 5.lB shows VEGF staining in a permeable 

lesion. To examine whether there was a correlation of VEGF expression with 

permeability, VEGF fluorescence was plotted against fold increase in 14C-AIB 

permeability calculated by QAR. Total 14C-AIB concentrations within metastatic lesions 

ranged from 23.6 - 1106 nC/g, for a fold increase in permeability ranging from 0.77 to 

34. A correlation between VEGF fluorescence intensity and 14C-AIB permeability was 

seen within lesions (r2 = 0.38, p< 0.001) (Fig. 5.lC). VEGF intensity was significantly 

greater (p< 0.05) in permeable lesions compared to non-permeable lesions (n= 60 

permeable lesions, n= 39 non-permeable) (Fig. 5.lD). Vascular response to VEGF 

secretion is mediated through the VEGFR2 receptor. The presence of this receptor was 

confirmed (VEGFR2 red staining within CD31 labeled green vasculature) with no 

difference (p> 0.05) between the permeable and non-permeable lesions (Fig. 5.2). These 

data indicate a relationship between increase in permeability and expression of VEGF 

within lesions. 
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Bevacizumab Treatment Decreases in Vivo 14C-AJB Permeability Values 

The effects of bevacizumab on penneability in experimental brain metastases of 

breast cancer were detennined with 14C-AIB. Mice were injected with brain seeking cells 

as previously described and on day 10, treatment of bevacizumab (I 0 mg/kg i.p.) was 

initiated and perfonned twice weekly. Prior to euthanasia, animals were administered 

14
C-AIB. Representative images of eGFP labeled metastases are shown for both control 

(Fig. 5.3A) and bevacizumab treatment groups (Fig. 5.JD). Corresponding QAR images 

of 
14

C-AIB uptake are shown for control (Fig. 5.38) and bevacizumab treated lesions 

(Fig. 5.3E). Quantitatively, un-treated animals exhibited variable 14C-AIB penneability 

increases in lesions, with values as high as 34-fold above nonnal brain (average of - 7-

fold) (Fig. 5.3C), which was similar to our previous findings (Lockman et al 20 I 0). 

However, in stark contrast, the variability in permeability values in the bevacizumab 

treatment groups was significantly muted (r2= 0.04, p< 0.05, n= 150), with the highest 

observed fold change in lesions of only 7.4 fold above normal brain (average of -1.9 

fold) (Fig. 5.3F). Of additional interest, it appears that bevacizumab reduced the number 

of lesions that developed in brain (-66% of bevacizumab group developed lesions and > 

90% of non-treated animals), suggesting bevacizumab could play a role in reducing 

metastatic potential or tumor growth (data not shown). 

The average 14C-AIB brain space (indicator of permeability) was significantly 

reduced with bevacizumab treatment from 29.8% ± 2.5 in un-treated lesions to 10.7% ± 

0.75 in the treatment group. These values were -7.8 and - 2.8-fold greater than nonnal 

brain, respectively (Fig. 5.4A). Lesions from both groups were subdivided into 
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categories based on the fold change in 14C-AIB permeability over control. Categories 

were defined as low (< 5-fold increase of permeability above normal brain), moderate (5 

- 10-fold), and high (> IO-fold) and the percentage of lesions within each category was 

calculated. This data revealed an increase in the percentage of metastases with low 

permeability in the bevacizumab groups. The majority of lesions in the bevacizumab 

group demonstrated permeability values< 5-fold above background (95% compared with 

49% of non-treated) and failed to produce a single lesion within the high permeability 

category, which contained 23% of un-treated metastases (Fig. 5.48). 

Decrease in 14C-paclitaxel Brain Uptake in Bevacizumab Treated Animals: 

To determine if bevacizumab treatment would similarly decrease brain uptake of 

paclitaxel, we repeated the studies of administering bevacizumab ( 10 mg/kg, i.p., twice 

weekly) during metastasis development. On day 32, animals were administered 14C-

paclitaxel (25 µC i. 10 mg/kg, i.v.) two hours prior to euthanasia and processed as 

previously described. QAR analysis of 14C-paclitaxel concentrations revealed decreased 

uptake levels < 788 ng/g (- 40% less than non-treated lesions) with a mean concentration 

of 163 ng/g which was - 2 fold less than the mean uptake of 392 ng/g calculated in un-

treated metastases in our previous results (Lockman et al 2010). In addition, analysis of 

14C-paclitaxel concentrations revealed a strong correlation with Texas Red 3kDa dextran 

permeability values (r2= 0.72, p< 0.001) (Fig. 5.5C), and a very weak correlation to 

lesion size (r2= 0.071, p< 0.05) (Fig. 5.5D). Though not a perfect comparison, these 

relationships were congruent with trends observed in previous studies illustrated in Fig. 

5.SA and B (Lockman et al 2010). In summary, bevacizumab reduced not only 
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permeability, but metastasis size, and the number of lesions developed suggesting the 

need for examination of the anti-tumor effects of bevacizumab. 

Discussion: 

Anti-angiogenic treatments such as bevacizumab (Avastin™) are prom1smg 

therapeutics. In 2008, bevacizumab was approved by the FDA for the treatment of breast 

cancer based on a doubling of progression-free survival in patients receiving combination 

therapy with paclitaxel (Miles et al 2010; Miller et al 2007). However, in 201 O the FDA 

considered removing bevacizumab' s approval for breast cancer due to significant 

antiangiogenic side effects (e.g., hypertension, thrombolytic events, etc.) (Pories 2010; 

Zhu et al 2007) and the lack of significant improvement in overall survival to outweigh 

the risks (Goldfarb 2011). Currently, the FDA is reviewing additional data to continue 

the use of the drug in breast cancer patients. 

Bevacizumab combinatorial therapy has shown efficacy in reducing tumor growth 

in colorectal and non-small cell lung carcinomas, but its use in cancers of the CNS have 

been questioned by several groups based on its potential to reestablish the limited 

permeability characteristics of the BBB (Thompson et al 2011; Wong and Brem 2008). 

Reestablishing the low permeability characteristics of the BBB would theoretically have 

two major implications: 1) it would reduce gadolinium permeability and effectively 

reduce the ability to clinically monitor metastases progression with MRI and 2) it may 

reduce drug uptake into the lesion. Our previous studies have shown that the BTB has 
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increased permeability compared to the normal BBB, but still significantly limits drug 

uptake in most breast cancer metastatic lesions (Lockman et al 2010). In fact, so much 

so, that cytotoxicity from pharmacological doses of paclitaxel is limited to approximately 

10% of lesions (Lockman et al 2010). 

VEGF A is the primary ligand involved in angiogenesis, is over-expressed in 

numerous cancers such as colorectal, breast, and non-small cell lung carcinoma, and is 

often associated with poor quality of life and patient prognosis (Barresi et al 201 O; 

Kadota et al 2008; Mohammed et al 2007). Consistent with this, we observed VEGF 

expression to be higher in metastatic lesions that had increased permeability. Of interest, 

VEGF staining was also observed in lesions smaller than l 00 µm in diameter. This data 

suggests that micro-lesions are actively secreting the growth factor to induce the 

formation of new blood vessels. This secretion may be model specific (Her2+ and brain 

seeking), which would correlate with clinical reports showing that VEGF expression 

correlates with Her-2/neu proto-oncogene status (Konecny et al 2004), and higher VEGF 

levels have been reported in brain seeking MDA-MB-231 sublines compared to non

brain seeking sublines (Kim et al 2004). Lastly, the observed increased VEGF staining in 

the metastatic lesions is consistent with reports showing that under normal conditions the 

brain microvascular endothelium is essentially a quiescent tissue where less than 0.01 % 

of the cells are cycling at any one point in time (Hobson and Denekamp I 984 ), and 

strongly resists apoptosis, despite significant pathology (Hull et al 2002; Karsan et al 

1996; Karsan et al 1997). However, endothelium can replicate and repair damaged blood 
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vessels in response to VEGF, since the growth factor is constitutively expressed in glial 

cells found in nearly all regions of the brain parenchyma (Marti and Risau 1998). 

We next asked the question whether treating metastasis-bearing animals, with 

pharmacological doses of bevacizumab would result in changes to BTB permeability. 

Bevacizumab is a monoclonal antibody that binds to free VEGF and reduces the effect of 

the growth factor on the vascular endothelium (Borgstrom et al 1996). We observed that 

bevacizumab treatment resulted in a dramatic decrease in vascular permeability of a small 

molecular weight marker (-lOODa) from -30-fold (compared to normal) brain in 

untreated metastases to -2.7-fold in the treatment group. Our data generally agrees with 

data showing bevacizumab reduces vascular permeability and interstitial pressure within 

a lesion (Byrne et al 2005). In addition, our data is also consistent with several clinical 

studies in which bevacizumab treatment decreases the uptake of contrast agents used for 

MRI tumor detection (i.e., gadolinium) (Mathews et al 2008; Poulsen et al 2009; 

Verhoeff et al 2009; Wong and Brem 2008; Zustovich et al 2010). 

Of interest, we also show bevacizumab treatment reduces the number of 

established metastatic lesions present in the brain compared to untreated controls. 

Additionally, only -56% of animals injected with the brain seeking metastatic cancer 

cells developed observable lesions compared with > 90% of animals in the control group. 

This may suggest that bevacizumab plays a role in either blocking metastases formation 

or metastases growth. This hypothesis should be further studied since previous in vitro 

studies have shown that VEGF increases transendothelial migration of breast cancer cells 
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across endothelial monolayers (Lee et al 2003) and suppression of VEGF with 

bevacizumab is known to reduce tumor growth (Holloway et al 2006; Roland et al 2009; 

Zhang et al 2002). 

However, our major concern in this study is whether the reduction of BTB 

permeability in brain metastases by bevacizumab corresponds to reduced paclitaxel 

accumulation in the lesions. Indeed, we observed substantial reduction in drug uptake 

within all established lesions of bevacizumab-treated animals (mean concentration of 163 

ng/g, ranging from 7.76 ng/g to 788 ng/g) compared to un-treated controls (mean 

concentration of 392 ng/g, ranging from 14.93 ng/g to 1961 ng/g). Of special note, the 

trends seen in our previous results of strong correlation between 14C-paclitaxel uptake 

and Texas Red 3kDa permeability (p< 0.001) and a weak correlation with drug uptake 

and lesion size were conserved with bevacizumab treatment. However, the levels of 

paclitaxel observed within established lesions in bevacizumab treated animals 

corresponds to ineffective concentrations in all lesions, since paclitaxel-induced apoptosis 

in vivo was observed only in metastasis in which drug concentrations exceed l 000 ng/g 

(Lockman et al 2010). Furthermore, based on drug concentrations, it is highly unlikely 

that paclitaxel would induce cytotoxicity in established metastatic brain lesions. Though 

· this is not a perfect comparison, due to the experiments being performed at different 

times, the data illustrate a reduction in drug uptake that followed the same trends of 

correlation with permeability and lesion size. 
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In summary, this study illustrates that bevacizumab treatment reduced 

permeability of the BTB in established experimental brain metastases, and reduced 

metastatic growth which generally agrees with previous results showing bevacizumab 

increases progression free survival of metastatic breast cancer patients (Cobleigh et al 

2003; Miles et al 2010; Miller et al 2007; O'Shaughnessy and Brufsky 2008; Robert et al 

2011). However, it also highlights a significant concern that bevacizumab may reduce 

the uptake and effect of standard chemotherapy in brain metastases of breast cancer. 

These data need to be evaluated clinically. 
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Figure 5.1: Immunofluorescent analysis in a metastatic MDA-MB-23 l-BR-Her2 model 
reveals increased expression ofVEGF and correlation with permeability. 
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Representative images showing VEGF expression in MDA-MB-231-BR-Her2 in non
permeable (A) and permeable lesions (B). VEGF (red), CD3 l (green), DAPI (blue). 
White scale bar = 25 microns. C, Correlation is shown between fold increase in 14C-AIB 
permeability (over normal brain) values and fold increase in fluorescent intensity of 
VEGF expression (r2= 0.38, p< 0.001 , n= 27 lesions). D shows VEGF expression in 
permeable lesions (> 3-fold increase in 14C- AIB permeability compared to normal brain) 
and non-permeable lesions (p< 0.05, n= 99). Statistical significance was determined by 
student 's t-test and linear regression analysis. 
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Figure 5.2: Confirmation ofVEGFR2 expression in metastasis vasculature 
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VEGFR2 staining in metastasis vasculature of non-permeable (A) and permeable (B) 
lesions. VEGFR2 (red), CD31 (green), and DAPI (blue). White scale bar= 25 microns. 
VEGFR2 expression in both subsets of metastases showed no difference between the two 
groups (p> 0.05) (C). 
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Figure 5.3: Bevacizumab significantly reduces permeability of experimental brain 
metastases of breast cancer. 
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A shows a representative image of a coronal slice from a control animal with numerous 
experimental metastatic lesions ( eGFP). B illustrates an autoradiographic image of the 
same brain section showing 14C-AIB accumulation in the metastatic lesions. Quantitative 
analysis of 285 experimental lesions showing variable permeability (0.5 to > 30-fold) of 
14C-AIB (r2

= 0.11, p< 0.001) (C). Normal brain values from corresponding slice equals 
LO (dashed line on y-axis) and lesion diameter is labeled on x-axis. Representative 
image of a coronal slice from an animal treated with bevacizumab (I 0 mg/kg/twice 
weekly) demonstrating a reduction in the total brain burden of experimental metastatic 
lesions ( eGFP) (D). E shows an autoradiographic image of the same brain section in D 
illustrating reduced l

4C-AIB accumulation in metastatic lesions in bevacizumab treated 
animals. F, Quantitative analysis of 150 experimental lesions showing a variable range 
0.6 to < 7.3-fold of 14C-AIB accumulation (r2 = 0.04, p< 0.05, n= 150). Statistical 
analysis was done by linear regression analysis. 
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Figure 5.4: Bevacizumab reduces most metastatic lesions to a less than 5-fold increase in 
permeability. 
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A Mean 14C-AIB distribution in normal brain (- 6%, n=136) which increased to - 30% in 
non-treated metastases (n= 111). Bevacizumab treatment reduced the brain space of 14C
AIB to - 10% (n= 148). B, Distribution oflesions based upon magnitude of permeability 
change. White bars are control animals, while gray are animals treated with 
bevacizumab. More than 90% of treated lesions fell in the < 5-fold above control 
(normal brain) category while only 48.6% of un-treated lesions reported these values. 
The bevacizumab treatment group also failed to produce a single lesion in the highest 
permeability category. Groups were compared using ANOVA followed by Bonferroni 's 
multiple comparisons test, p< 0.001. 
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Figure 5.5: Decreased brain uptake of 14C-paclitaxel m brain metastases after 
bevacizumab treatment 
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Data reproduced from Lockman et al illustrates paclitaxel concentrations > 1500 ng/g in 
some lesions and a clear relationship between Paclitaxel concentration (ng/g) and fold 
increase in permeability of Texas Red 3 kDa dextran (r2= 0.59, p< 0.001) in non-treated 
lesions (A). However, a lack of correlation was seen between metastasis paclitaxel 
concentration and lesion size (B). Our studies demonstrate bevacizumab treatment 
greatly reduces metastasis paclitaxel uptake to a mean of 163 ng/g, ranging from 7.76 
ng/g to 788 ng/g (n= 81); and there was a strong correlation with Texas Red 3kDa 
dextran permeability (r2= 0.72, p< 0.001) (C). In addition, paclitaxel concentrations in 
metastases from the bevacizumab group showed a weak correlation with lesion size (r2= 
0.071, p< 0.05) (D). Of special note is the decrease in metastasis size and number in the 
bevacizumab treatment group. 
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CHAPTER6 

INHIBITION OF VEGF AND ANGIOPOIETIN-2 TO REDUCE BRAIN 

METASTASES OF BREAST CANCER BURDEN 

Introduction: 

In cancerous tissue, vascular destabilization and accompanymg angiogenesis 

enhance tumor growth (Folkman 1990), metastatic potential (Claffey et al 1996; Fidler 

and Ellis 1994), and correlate with poor patient outcome (Meitar et al 1996; Uzzan et al 

2004; Weidner et al 1992). A primary driver of angiogenesis is vascular endothelial 

growth factor (VEGF), which is secreted by tumor cells in response to decreased vessel 

density and hypoxia; and is highly expressed in breast, colorectal, and non-small cell lung 

carcinoma (Barresi V 2010; Kadota et al 2008; Lee et al 2007). A secondary driver of 

angiogenesis is angiopoietin-2 (Ang-2), which is activated by hypoxia, and induces 

vessel destabilization upon binding the Tie2 receptor (Chae et al 201 O; LaManna et al 

2004). Both VEGF and Ang-2 have been shown to independently induce angiogenesis 

(Blacher et al 2001; Teichert-Kuliszewska et al 2001). 

However, of importance to this report, is that VEGF and Ang-2 have been shown 

to synergistically act to induce endothelial destabilization, increase vascular branching 

(Chae et al 2010; Hashizume et al 2010; Morrissey et al 2010) and increase angiogenesis 

(Holash et al 1999; Zhang et al 2003). In addition, the two growth factors independently 
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induced formation of endothelial branches in ex vivo aortic ring assays suggesting an 

angiogenic effect on perivascular cells as well (Iurlaro et al 2003; Nicosia et al 1997). 

Inhibition of VEGF with bevacizumab, a monoclonal antibody which binds to the 

VEGF ligand preventing receptor phosphorylation, has been shown to reduce 

angiogenesis in tumors (Borgstrom et al 1996) resulting in slower tumor development 

(Holloway et al 2006; Roland et al 2009; Zhang et al 2002) and reduced metastasis 

development (Ellis et al 2000; Verheul et al 2007). Similarly, the peptide-Fe fusion Li 

l 0 has been shown to block Ang-2 from binding the Tie2 receptor which also decreases 

angiogenesis and tumor growth in both prostate cancer (Morrissey et al 2010) and 

gliomas (Villeneuve et al 2008). Additionally, when L 1-10 was administered with 

different concentrations of cytotoxic drugs, anti-Ang-2 treatment increased anti-tumor 

activity (Brown et al 20 I 0). Therefore, it has been hypothesized simultaneous inhibition 

ofVEGF and Ang-2 will decrease tumor growth and/or development (Bergers et al 2003; 

Chae et al 2010; Erber et al 2004). 

In our previous work, we demonstrated that administering bevacizumab to 

animals with experimental brain metastases, resulted in reduced vascular permeability, 

and more importantly, it reduced the overall metastatic burden in brain. In this report, we 

extend those studies to inhibit both VEGF and angiopoetin-2 to determine if we can 

further reduce metastatic burden in brain. This work must be carefully completed to 

prevent only metastasis development, since we have also previously observed that anti-
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angiogenic therapy reduces the permeability of established metastases to the point that 

chemotherapeutic drug cannot reach the tumor in cytotoxic concentrations. 

In our first set of experiments, we demonstrate in vitro that VEGF and Ang-2 act 

cooperatively to induce angiogenesis. In our second set of experiments, we show that 

lesions in the experimental brain metastases of breast cancer model are hypoxic, and 

therefore subject to Ang-2 activation. We then evaluated the effects of bevacizumab and 

Ll-10 on metastases formation and permeability of experimental brain metastases. To 

accomplish this, we injected - 175k brain seeking cells (MDA-MB-231-BR Her-2 

overexpressing) into the peripheral circulation and allow experimental brain metastases to 

develop (Lockman et al 2010). Ten days after injection of cells, bevacizumab (10 mg/kg) 

(Lucio-Eterovic et al 2009) and Ll-10 (4 mg/kg) (Villeneuve et al 2008) were 

administered in experimental groups. After neurological symptoms developed, we 

administered 14C-AIB or 14C-paclitaxel intravenously to determine permeability and drug 

uptake. We observed that both 14C-AIB permeability and 14C-paclitaxel drug uptake was 

significantly reduced. But most importantly, the number of metastatic lesions was also 

significantly reduced from control and bevacizumab alone treated groups. 

These data illustrate that combinatorial therapy of VEGF blockade and Ang-2 

inhibition may be an effective strategy to reduce metastases formation. But, caution must 

be used since this strategy also reduces the drug uptake of established lesions in the 

central nervous system (CNS). 
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Methodology: 

Chemicals: 

14
C-AIB (specific activity: 55 mC/ mmole) was purchased from American 

Radiolabeled Chemicals (St. Louis, MO). 14C-Paclitaxel (specific activity 70 

mCi/mmole) was obtained from Moravek Biochemicals and Radiochemicals (Brea, CA). 

The peptide-Fe fusion, Ll-10 was a kind gift from Amgen (Thousand Oaks, CA) and 

bevacizumab (Avastin™) was purchased from Genentech (San Francisco, CA). 

Hypoxyprobe™ kit was purchased from HPI Inc. (Burlington, MA). All other chemicals 

are of analytical grade and were purchased from Sigma (St. Louis, MO). 

Animals: 

Female NuNu mice (25-30 g) were obtained from Charles River Laboratories 

(Kingston, NY) and used for the metastasis experiments in this study. Male Fisher 344 

rats (300-350 g) also from Charles River Laboratories were used for aortic ring assays. 

All studies were approved by the Animal Care and Use Committee at Texas Tech 

University Health Sciences Center, and conducted in accordance with the I 996 NIH 

Guide for the Care and Use of Laboratory Animals. 

Cell Culture: 

Human metastatic breast cancer over-expressing Her2 cells (MDA-MB-23 l-BR

Her2) and 4Tl-BR5 murine mammary carcinoma cells were utilized as previously 

mentioned in previous chapters. Murine brain endothelial cell cultures (bEND5) were 

cultured in DMEM medium supplemented with 10% FBS, 1 % non-essential amino acids, 
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I% sodium pyruvate, I% penicillin/streptomycin/amphotericin B, and 2% 200 mM L

glutamine. All cells were used in passages 1-10 and maintained at 3 7°C with 5% C02. 

Development of Metastases and Administration of Inhibitors: 

Mice were anesthetized and inoculated with breast cancer cell lines (MDA-MB-

23 l-BR-Her2: 1.75 x 105 and 4Tl-BR5: 5 x 104
) in the left cardiac ventricle with the use 

of a stereotaxic device as previously described. As metastases seeded the brain, 

treatments were administered beginning on day 10 [Bevacizumab (I 0 mg/kg, i.p., twice 

weekly) (Lucio-Eterovic et al 2009) and Ll-10 (4 mg/kg diluted in PBS, s.c., twice 

weekly) (Villeneuve et al 2008)) and continued until day 32, at which point animals were 

euthanized as mentioped. 

Injection of Vascular Markers and 14 C-paclitaxel: 

In permeability studies, on day 32, 14C-AIB (25 µC/ animal; American 

Radiolabeled Chemicals) was injected intravenously (10 minute circulation), animals 

were sacrificed, brain tissue was removed, and placed in isopentane (-65°C). For 

evaluation of paclitaxel uptake, 14C-paclitaxel (25 µC/animal) was injected and allowed 

to circulate for 120 minutes (previously described in CHAPTER 4). For hypoxia 

evaluation, animals were injected with pimonidazole hydrochloride (60 mg/kg, 

Hypoxyprobe™) and circulated for minute, tissues were processed, and 

immunofluorescence was performed. Brains were sliced using a cryostat (Leica 

Microsystems, Wetzler, Germany) at -23°C and sections were mounted on glass slides, 
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air dried, and stored at -80°C. 14C-Radioactivity was determined by quantitative 

autoradiography and immunofluorescence staining was performed for studying hypoxia. 

Immunojl.uorescence: 

Tissues were rehydrated briefly in phosphate buffered saline (PBS) and fixed in 

cold 4% paraformaldehyde (4°C) for thirty minutes. After three washings of PBS, the 

slides were then covered in 1 % sodium dodecyl sulfate for five minutes and rinsed again 

with PBS. Slides were submerged in blocking solution of 10% goat serum in PBS for 30 

minutes at room temperature. Primary antibodies diluted in 5% goat serum: CD3 l 

(Clusters of Differentiation 31 (BD Pharmingen, San Diego, CA), Ang-2 (Abeam, San 

Francisco, CA), Hypoxyprobe™ rabbit antisera (HPI Inc, Burlington, MA) were 

incubated overnight at 4°C followed by washing. Sections were covered in 0.03% 

hydrogen peroxide + 0.1 % sodium azide for 10 minutes and subsequently washed. After 

a second blocking with 10% goat serum for 30 minutes, slides were incubated with 

secondary antibodies diluted in 5% goat serum: Alexa Fluor® 594 (red) and Alexa 

Fluor® 488 (green). DAPI was added to this solution at 1 mg/mL (Invitrogen, 4' ,6-

diamidino-2-phenylindole, dilactate,) and slides were incubated for one hour at room 

temperature. 

Migration Assay: 

Cell migration was evaluated with an in vitro wound healing assay. The 

endothelial cells (bEND5) were cultured in 24 well plates (DMEM supplemented with 

10% FBS) to confluence and serum starved for 1 hour prior to beginning treatments. 
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After obtaining quiescence, the cultures were wounded with a 0.1 cm3 pipette tip in one 

direction. To remove cellular debris, the wounded cells were washed with PBS. Cells 

were incubated with DMEM (supplemented with l % FBS) containing various 

concentrations of Ang-2 (recombinant human Angiopoietin-2, R&D Systems), VEGF 

(recombinant human VEGF, R&D Systems), Ll-10 (Amgen), and/or bevacizumab 

(Avastin™ Genentech) at 37°C. Images were taken at initial wound healing, 24, 48, and 

72 hours, and percentage of wound closure was calculated. 

Rat Aorta Model of Angiogenesis: 

Male Fisher 344 rats were anesthetized and a mid-line incision was made to 

reveal the thoracic cavity. The diaphragm was cut and the heart and lungs were removed. 

The aorta was then excised and placed in 4°C DMEM media and sectioned into 3 mm 

segments. Aortic rings were kept on ice until they were embedded into approximately 

200 µl of matrigel (BD Biosciences) in 24 well plates. Rings were kept at 37°C for one 

hour and 50 µl of matrigel was placed on top of the rings. Rings were allowed to sit for 

24 hours in DMEM containing I% FBS at 37°C before treatment was initiated and time 

point zero photos were taken. Rings were incubated with various concentrations of Ang-

2, VEGF, bevacizumab, and/or Ll-10 in DMEM containing 1% FBS. Images were taken 

at 24, 48, and 72 hours. Branching morphogenesis was calculated by counting number of 

angiogenic branches in three sections (500 micron size) per ring. 
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Assessment of Metastases Development: 

To evaluate the number and size of metastases developed, ten microscope slides 

containing five brain slices (20 µm/slice) were randomly selected per animal (n= 3-6 

animals per treatment group). Metastatic lesions were identified by eGFP fluorescence 

and then counted in one brain slice per slide being careful to count only individual tumors 

rather than large lesions, which might be present in multiple slides. Comprehensive 

digital microscopy software (Slidebook 5.0) was used to calculate lesion area. 

Statistical Analysis: 

Student's t-test was used to determine statistical significance in aortic ring assays, 

migration assays, and the difference in Ang-2 expression between permeable and non

permeable lesions. Linear regression analysis was used to determine the relationship 

between 14C-AIB permeability independently with Ang-2 expression and metastasis size. 

One way ANOVA followed by Bonferroni 's multiple comparisons test was used to 

evaluate significance of AIB brain space, the number of metastases developed in each 

treatment group, and the percentage of metastases in each size group. All differences 

were considered statistically significant at p< 0.05. Data is reported as Mean ± Standard 

Error of Mean (SEM) (GraphPad Prism version 5.0). 
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Results: 

Jn vitro Angiogenesis Assays: 

To confirm that VEGF and Ang-2 synergistically induced angiogenesis in vitro, 

which could be inhibited with bevacizumab and Ll-10, we used aortic ring and wound 

healing assays Representative images of untreated rings at 24, 48, and 72 hours (Fig. 

6.lA-C), rings treated with Ang-2 100 ng/mL + VEGF 10 ng/mL at 24, 48, and 72 hours 

(Fig. 6.lD-F), and rings with the combination of bevacizumab 20 µg/mL + Ll-10 6.5 

µg/mL at 24, 48 and 72 hours respectively (Fig. 6.lG-1). Briefly, untreated aortic ring 

growth averaged - 6.4 ± 1.5, 61±9.4, and 148 ± 10 endothelial branches at 24, 48, and 72 

hours respectively (Fig. 6.SJ). A significant increase (p< 0.01) in branching compared to 

control was seen at 48 and 72 hours (211 ± 18.2 and 303 ± 4 7. 9 branches) in wells treated 

with the combination of Ang-2 (100 ng/mL) and VEGF at (10 ng/mL). Upon the 

addition of bevacizumab (20 µg/mL), a significant decrease (p< 0.05) in branching was 

seen at 24 hours (54 ± 10 branches) and 48 hours (161 ± 9.8) but not at 72 hours. 

Similarly, Ll-10 (6.5 µg/mL) administration reduced endothelial branching significantly 

(p< 0.05) at all three time points. 

Similar experiments were completed in wound healing assays. Our initial 

experiments demonstrated that the most effective combinatorial concentration of VEGF 

and Ang-2 to create wound closure was 10 ng/mL for Ang-2 and 5 ng/mL for VEGF 

(data not shown). The combination of VEGF and Ang-2 increased wound closure {p< 

0.01) at 24 (30% ± 4.8), 48 (57% ± 7.3), and 72 hours (76%± 8.3) compared to control 
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values at the same respective times (21 % ± 1.9, 48 ± 3.9, and 66 ± 4.9) (Fig. 6.2A). The 

addition of bevacizumab 20 µg/mL resulted in a significant decrease {p< 0.05) in noted 

cell migration (Fig. 6.2B). To a lesser extent, this was also seen with the combination of 

bevacizumab and Ll-10 (20 µg/mL and 6.5 µg/mL respectively). The in vitro studies 

confirm the angiogenic effects of VEGF and Ang-2 on endothelial cells. 

Metastases are Hypoxic: 

In our second set of experiments, we set out to determine if hypoxia was present 

in the lesions, which would activate Ang-2 expression, increasing angiogenesis. We 

observed that nearly all lesions have some degree of hypoxia using Hypoxyprobe TM 

staining (representative image is shown in Fig. 6.3). 

Ang-2 Expression in Metastatic Lesions: 

Previously, we demonstrated that increased VEGF expression correlates with an 

increased permeability of metastatic lesions. To complement that work we determined 

the relative expression of Ang-2 in brain slices from animals that developed experimental 

brain metastases of breast cancer. The slices were stained with anti-Ang-2 and anti

CD31 antibodies. In addition, similar to our previous work, lesions were categorized into 

either "non-permeable" or "permeable" based upon whether the changes in 14C-AIB 

permeability were greater than the mean Kin of 14C-AIB in normal brain plus three 

standard deviations. Ang-2 staining was higher in permeable lesions than non-permeable 

in both models (Fig. 6.4E). A linear regression analysis of Ang-2 expression and fold 

increase in permeability revealed a significant correlation in the 4Tl-BR5 model (r2= 
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0.37, p< 0.001) (Fig. 6.4G) but not in the MDA-MB-231-BR-Her2 model (r2= 0.10, p> 

0.05) (Fig. 6.4F). The presence of Ang-2 within metastatic lesions with higher 

permeability agrees with others studies that indicated the role of Ang-2 in vascular 

destabilization (Zhang et al 2003). 

In Vivo Inhibition of VEGF and Ang-2 Decreases 14C-AJB Permeability and Drug 
Uptake: 

To determine the permeability effects of VEGF and Ang-2 inhibition in vivo, 

mice were injected with - 175k brain seeking cells and on day IO, treatment of 

bevacizumab (10 mg/kg i. p.) in combination with L 1-10 ( 4 mg/kg s.c.) was initiated. 

Representative images of eGFP labeled lesions in a treated brain are shown in Fig. 6.SA 

and a representative autoradiograph of 14C-AIB permeability is shown in Fig. 6.58. In 

the treatment groups 14C- AIB permeability was significantly reduced to only - 4-fold 

greater than control brain (Fig. 6.SC). The highest observed fold change in the treatment 

group was 6.74 (Fig. 6.SD) (compared to 33.7 in non-treated mets). This data was 

similar to what we had observed in our previous studies with bevacizumab treatment. 

To determine if combinatorial therapy would similarly decrease brain uptake of 

paclitaxel, we repeated the studies of administering bevacizumab ( 10 mg/kg, i.p., twice 

weekly) and Ll-10 (4 mg/kg s.c.) during metastasis development. On day 32, animals 

were administered 14C-paclitaxel (25 µCi. 10 mg/kg, i.v.) 2 hours prior to euthanasia and 

processed as described. 14C-Paclitaxel concentrations were significantly decreased by 

combination therapy to a mean concentration of 203 ng/g, similar to what was seen with 
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bevacizumab alone (mean concentration of 163 ng/g). Some lesions had uptake of more 

than 514 ng/g while others showed very little uptake 47 ng/g (compared with a range of 

14.9 ng/g to 1961 ng/g in un-treated metastases). 

Importantly, the number of metastatic lesions which developed in the 

combinatorial bevacizumab and Ll-10 group (10 ± 4) was significantly less (p< 0.001) 

than what was observed for either bevacizumab treatment (31.6 ± 6) or untreated controls 

(72 ± 10) (Fig 6.5). Furthermore, the percentage of large lesions (7.7 ± 5) which 

developed in the combinatorial group was less than what was observed for bevacizumab 

treatment (14.6 ± 4) and significantly less (p< 0.05) than un-treated controls (34.6 ± 8). 

Discussion: 

Our previous studies have illustrated that there is decreased vessel density, an 

increased expression of VEGF, and remodeling of the vasculature in experimental brain 

metastases of breast cancer. In addition, we have also demonstrated that inhibition of 

VEGF (with bevacizumab) results in decreased permeability, decreased drug uptake, and 

importantly decreased metastatic burden in brain. In this study, we demonstrate that 

Ang-2 and VEGF work cooperatively to induce angiogenesis, show experimental brain 

metastases are hypoxic which activates Ang-2, that Ang-2 is present at the BTB 

vasculature, and blockade of the VEGF/Ang-2 pathway results in significant reductions 

in permeability, drug uptake, and metastatic burden. 
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In our initial studies, we demonstrate that VEGF and Ang-2 have a synergistic 

effect on angiogenesis and endothelial cell turnover, similar to previous reports (Chae et 

al 2010; Hashizume et al 2010; Morrissey et al 2010). Additionally, we demonstrate that 

there was a greater inhibition of vessel branching in the presence of both bevacizumab 

and Ll-10, indicating a potential role of Ll-10 affecting several aspects of angiogenesis 

including tubule formation, endothelial cell proliferation, and migration of endothelial 

cells in monolayer. This is consistent with data from other reports demonstrating VEGF 

and Ang-2 can act to induce the formation of vascular tubes {Asahara et al 1998; Lobov 

et al 2002). 

Hypoxia plays a role in several stages of tumor progression such as angiogenesis 

and metastatic invasion (Lu et al 2010). Clinically, several cancer types such as lung, 

colon, and breast have been shown to contain regions of hypoxia compared to their 

adequately perfused counterparts (Zhong et al 1999). Areas of hypoxia were also noted 

in bone metastases of breast cancer (Hiraga et al 2007) and in animal models of gliomas 

(Bernsen et al 2000). Our data from our second set of experiments using Hypoxyprobe, 

agree with the clinical and preclinical data that nearly every lesion has some degree of 

hypoxia whether or not it is adequately perfused. 

Hypoxia has been shown to upregulate Ang-2 mRNA in endothelial cells (Jones 

2003) as well as in rat brain tissue (Mandriota et al 2000). Herein, we also observed that 

in nearly all lesions Ang-2 was present in the vasculature. Similar to our previous work 

we observed a greater staining of Ang-2 in lesions that had greater vascular permeability. 
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Ang-2 upregulation is caused by the induction of cyclooxygenase-2 (COX-2) enzyme 

which metabolizes arachidonic acid to prostaglandin E2 in brain endothelial cells 

(LaManna et al 2004). Clinically, aggressive gliomas have been shown to express 

greater levels of Ang-2 than low-grade gliomas; and in vitro studies by the same group 

illustrated increased expression of Ang-2 mRNA in human glioma cells in response to 

hypoxia (Koga et al 2001). Ang-2 is barely detectable in brain (Tait and Jones 2004) and 

Ang-2 production, which has been shown to be induced by VEGF (Mandriota and Pepper 

1998), acts to destabilize brain vasculature thus altering the integrity of the endothelium. 

In this study, we demonstrate that lesions that have greater permeability in the 

4T1BR model have increased Ang-2 expression. This data is consistent with literature 

demonstrating that during angiogenesis, Ang-2 is released from tumor cells (Morrissey et 

al 2010) and binds the endothelial cell Tie2 receptor which causing pericytes to pull away 

from the endothelium resulting in a destabilized vasculature (Ahmad et al 2001; 

LaManna et al 2004; Scharpfenecker et al 2005; Zhang et al 2003). Vascular 

destabilization is further compounded when there is a decreased oxygen supply, which 

induces the dimerization of HIF-la to HIF-1~, to form the HIF-1 complex. This dimer 

then translocates to the nucleus and acts as a transcription factor for VEGF and matrix 

metalloproteinases, which help to degrade the basement membrane (Kaur et al 2005; 

Zagzag et al 2000). 

In our next set of experiments, we attempted to demonstrate that inhibition of 

VEGF with bevacizumab and Ang-2 with Ll-10 results in decreased permeability and 
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drug uptake. We observed that the combinatorial therapy resulted in a marked decrease 

in vascular permeability to 14C-AIB (-lOODa) from -30-fold for lesions in untreated 

controls to -5-fold in the treatment group. This data generally agrees with our previous 

data showing bevacizumab reduces vascular permeability (CHAPTER 5), although it 

should be noted that permeability reductions were not less than the values observed for 

bevacizumab alone (bevacizumab group mean concentration was 163 ng/g compared 

with the combinatorial therapy mean concentration of 202 ng/g). We then evaluated 

whether the combinatorial therapy would also reduce paclitaxel uptake in the metastatic 

lesions. Similar to our previous work we saw a significantly decreased uptake of 

paclitaxel within all lesions of combinatorial treatment groups (mean concentration of 

202 ng/g, ranging from 47. l ng/g to 514 ng/g) compared to the untreated controls (mean 

concentration of 392 ng/g, ranging from 14.9 ng/g to 1961 ng/g). Again, similar to our 

previous work, paclitaxel was reduced to ineffective concentrations in nearly all lesions 

[(apoptosis in vivo requires drug concentrations of> 1000 ng/g; (Lockman et al 2010)] . 

Previous reports have demonstrated that inhibition of VEGF results in slower 

tumor progression (Holloway et al 2006; Roland et al 2009; Zhang et al 2002) and 

reduced metastasis development (Ellis et al 2000; Verheul et al 2007). Similarly, Ang-2 

inhibition has also been shown to slow prostate cancer (Morrissey et al 2010) and glioma 

progression (Villeneuve et al 2008). In addition, our preliminary data in CHAPTER 5 

also demonstrated that inhibition of VEGF with bevacizumab reduced the formation of 

experimental brain metastases. Therefore, in our last set of experiments, we set out to 

determine whether metastatic burden would be reduced, if bevacizumab plus L 1-10 was 
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administered during metastases colonization and progression. We observed a 

significantly smaller number of lesions in the combinatorial therapy group (n= 10 ± 4) 

compared to the bevacizumab treated group (n= 31 .6 ± 6) and compared to the untreated 

controls (n= 72 ± 10). This data is exciting and suggests that simultaneous inhibition of 

VEGF and Ang-2 may be effective for the prevention of brain metastases. 

In summary, we demonstrate an integral role of Ang-2 and VEGF in angiogenesis 

and brain metastases progression. While, simultaneous inhibition of these two 

angiogenic factors may have significant potential in reducing the formation of 

experimental brain metastases, this strategy should not be used in established metastases 

since it significantly restricts permeability and drug uptake. Further work should be done 

to determine if simultaneous inhibition of the VEGF/Ang-2 pathway can be effectively 

employed to reduce brain metastasis formation all together. 
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Figure 6.1: Pro-angiogenic properties of VEGF and Ang-2 were confirmed in aortic ring 
assays and then reduced with the addition ofbevacizumab plus Ll-10 
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Aortic ring angiogenesis assay were utilized to illustrate the effects of VEGF and Ang-2 
on endothelial branching. Endothelial branching of control wells (1 % FBS) is shown at 
24 hours (A), 48 hours (B), and 72 hours (C). Images of branching in the presence of 
both Ang-2 (100 ng/mL) and VEGF (5 ng/mL) at 24 hours (D), 48 hours (E), and 72 
hours (F) show increased sprouting and angiogenesis. Representative images of the 
combination treatment of bevacizumab plus Ll-10 in the presence of VEGF and Ang-2 
are shown at 24 (G), 48 (H), and 72 hours (I). A significant increase in branching was 
seen with the addition of both VEGF and Ang-2 compared to control wells at both 48 and 
72 hours (denoted by t) (J). This is suggestive of the pro-angiogenic effects of VEGF 
and Ang-2 on endothelial cells, as well as mural cells. Branching was dramatically 
hindered at 24 and 48 hours with the treatment ofbevacizumab in wells containing VEGF 
and Ang-2, but a reduction was seen in all three time points with the addition of L 1-10 
(denoted by *). Scale bar = 500 microns. Statistical significance was determined using 
student's t-test between time points in treatment groups, *p< 0.05, tt and **p< 0.01, 
ttttp< 0.001. 
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Figure 6.2: VEGF and Ang-2 increase migration of brain endothelial cells in vitro, which 
was successfully decreased by bevacizumab plus L 1-10 
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The ability of VEGF and Ang-2 to induce cellular migration in endothelial cells was 
confirmed in bEND5 cells with a wound healing angiogenesis assay (A). The experiment 
was then repeated with the addition of bevacizumab plus L 1-10 to the media (B). The 
combination of Ang-2 (10 ng/mL) and VEGF (5 ng/mL) to bEND5 cells in vitro, showed 
significant rate of wound healing compared to control wells ( 1 % FBS), or each growth 
factor alone, at 24, 48, and 72 hours (A). Percent of wound closure was dramatically 
reduced at all time points with the addition of bevacizumab (10 µg/mL) to the wells, and 
to a lesser extent, with the addition of Ll-10 (6.5 µg/mL) (8). These results imply the 
ability of both VEGF and Ang-2 to increase brain endothelial cell migration in a 
cooperative manner. Statistical significance was determined by using student's t-test, 
*p< 0.05, **p< 0.01, ***p< 0.001. 
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Figure 6.3: Immunofluorescent staining confirms of hypoxia in metastatic lesions. 

Our previous results illustrated decreased vessel density within experimental brain 
metastases. We wanted to determine if oxygen levels were affected by the low density. 
Metastases bearing animals were injected with pimonidazole hydrochloride prior to 
euthanasia and tumor slices were then stained accordingly. Hypoxyprobe™ (red), CD31 
(green), and DAPI (blue). Representative image of left brain hemisphere containing both 
large (Metastasis 1) and small (Metastasis 2) MDA-MB-231-BR-Her2 lesions labeled 
with DAPI, but visualized on a gray scale (for easier viewing) is shown (3.2x 
magnification, white scale bar = 500 µm) (A). Corresponding images of the same lesions 
are shown at a greater magnification (40x), illustrating strong red staining intensity in 
metastasis 2 (C) and weak intensity in metastasis 1 (8). Hypoxic regions appeared 
heterogeneous between all lesions irrespective of size. White scale bar in 8 and C = 
25µm. 
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Figure 6.4: Expression of angiopoietin-2 is greater in lesions with higher permeability 
and correlates with 14C-AIB permeability in 4Tl-BR5 experimental brain metastases. 
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Brain slices from un-treated metastases bearing animals were stained for the hypoxia 
induced vascular destabilizing protein Ang-2. Ang-2 expression in MDA-MB-23 l-BR
Her2 metastases is shown in non-permeable (A) and permeable (B) lesions. Ang-2 (red), 
CD31 (green), DAPI (blue). Representative images in the 4Tl-BR5 model are shown in 
a lesion with low permeability (C) and a lesion with high permeability (D). Ang-2 
intensity versus fold increase in AIB permeability revealed significant correlation in the 
4Tl-BR5 model (n= 39, r2= 0.37, p< 0.001) (F), but none in the MDA-MB-23 l-BR-Her2 
model (n= 32, r2= 0.10, p> 0.05) (E). Permeable lesions demonstrated greater Ang-2 
expression than non-permeable in both models, with a > 2-fold increase in the MDA-MB-
23 l-BR-Her2 model, indicating the presence of vascular destabilization. Scale bar = 25 
µm. Statistical significance was determined using linear regression analysis for 
correlation between Ang-2 intensity and fold increase in AIB, and Student's t-test to 
determine difference in Ang-2 expression between the two permeability groups within 
each model. 
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Figure 6.5: Treatment of bevacizumab and Ll-lOAIB during metastasis development 
decreases permeability of 14C-AIB, which correlates with metastasis size. 
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Female NuNu mice were injected with MDA-MB-23 l-BR-Her2 cells for metastasis 
development. Beginning on day 10, animals were administered bevacizumab ( 10 mg/kg, 
i;E.) plus Ll-10 (4 mg/kg, s.c.) until neurological symptoms developed, at which point 
1 C-AIB was injected i.v. and circulated for 10 minutes. A and B, demonstrate 
representative images of enhanced green fluorescent protein ( eGFP) labeled lesions and 
corresponding QAR values of 14C-AIB uptake. Percent brain space of 14C-AIB in Ll-10 
lesions was decreased by more than 50% compared to un-treated lesions (C). However, 
Ll-10 permeability values were still 25% greater than normal brain. Plotting fold 
increase in permeability with metastasis size illustrates a weak correlation in 
bevacizumab plus Ll-10 treated lesions (n= 65, r2= 0.162, p< 0.05) (D). Statistical 
significance was determined using ANOVA followed by Bonferroni's multiple 
comparisons test for AIB brain space percentage, and linear regression analysis for fold 
increase in permeability versus lesion size. 

151 



TTUHSC, Kaci A. Bohn, August 201 J 

Figure 6.6: Bevacizumab and Ll-10 treatment reduces metastatic burden in brain> 86% 
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Representative images of MDA-MB-231-BR-Her2 non-treated metastatic brain (A), 
bevacizumab treated brain (B), and bevacizumab + L 1-10 treated brain (C). 
Bevacizumab (10 mg/kg) or bevacizumab + Ll-10 (4 mg/kg) was administered on day 10 
after inoculation with cancer cells. The number of metastatic lesions developed was 
significantly (p< 0.001) reduced in the bevacizumab alone group (56%) and in the 
combination group (86%) (D). Treatment also reduced lesion size with 67% ± 1 of 
bevacizumab treated lesions and 78% ± 10 of bevacizumab + L 1-10 treated lesions 
developing area < 0.5 mm2

• In the size range of > LO mm2
, non-treated metastases had 

35% ± 8 compared to bevacizumab alone and combinatorial therapy which only produced 
15% ± 4 and 8% ± 5, respectively. Data illustrate a significant reduction in metastatic 
burden with simultaneous inhibition of the VEGF/angiopoietin-2 pathway. Significance 
was determined using ANOVA analysis followed by Bonferroni's multiple comparisons 
test, p< 0.05). 
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CHAPTER SEVEN 

CONCLUSIONS AND FUTURE DIRECTIONS 

Brain vasculature is highly regulated and the presence of the blood-brain barrier 

(BBB) not only creates a "sanctuary site" for the development of metastases (Palmieri et 

al 2007), but also acts as a barrier to drug delivery. The blood-brain barrier is composed 

of endothelial cells, pericytes, and astrocytic foot processes which combine to create a 

barrier to passive diffusion and reduced pinocytosis. However, within tumors, the BBB 

is often altered structurally by tumor-induced angiogenesis thus creating a more 

permeable blood-tumor barrier (BTB). Because >90% of brain tumors are metastatic in 

origin (Gril et al 2010; Weil et al 2005), it is imperative that animal models which 

accurately represent the metastatic process be used. To better understand BBB/BTB 

alterations in experimental brain metastases, our lab characterized two murine brain 

metastases of breast cancer models. Previously published data from our laboratory 

illustrated heterogeneous 14C-AIB permeability within experimental brain metastases 

(Lockman et al 2010). However, what was not known was the correlation of the 

permeability increases with vascularity and/or vascular remodeling. This dissertation is 

directed at understanding the role of vascular-associated changes, which serve as 

potential mechanisms for increased permeability in brain metastases of breast cancer. 
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Angiogenesis is required for normal embryonic development and is a critical 

component of tumor survival. This dissertation begins by discussing a brief history and 

overview of the process of angiogenesis in both physiological and pathological tissues. 

The angiogenic instigator, vascular endothelial growth factor (VEGF), was examined as 

well as the signal transduction of the VEGFNEGFR2 pathway. Several downstream 

events such as the induction of nestin and PV-1 and the resulting effects of brain vascular 

permeability were also discussed. There is very little vessel turnover in normal brain 

tissue therefore, the lack of angiogenesis within brain tissue was compared with increased 

vessel remodeling as a result of brain tumors and/or metastases. This chapter was 

concluded with a brief description of the VEGF scavenger bevacizumab in both 

metastatic breast cancer and glioblastomas with particular emphasis on the drug's ability 

to reduce permeability of the contrast agent gadolinium in CNS lesions. 

Vascular density is an indicator of the degree of angiogenesis and the 

aggressiveness of a tumor; and vascular density calculations are usually counted 

manually which is time consuming and subject to human error. Therefore, we developed 

a novel methodology to calculate vascular density using fluorescent microscopy and 

comprehensive digital microscopy software. To do this, two fluorescent markers, Texas 

Red dextran (2000kDa and 70kDa) or indocyanine green (775Da), were injected 

intravenously to identify brain vasculature and vessel density was assessed in multiple 

control brain regions using computerized software. Data analysis confirmed the 

agreement of our values with those previously published (Gobel et al 1991 ). After 

confirmation of our method, the technique was then applied to two experimental brain 
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metastases of breast cancer models and an intracranially implanted rat glioma. 

Comparison of vascular density with lesion size and 14C-AIB permeability values 

revealed no correlation. Subsequent analysis revealed decreased vessel density in all 

brain metastases compared to both normal brain and implanted rat gliomas (used as 

positive control) regardless of location. Using the same software, we analyzed 

morphological changes of the tumor vasculature and saw a significant increase in the 

presence of large tortuous vessels. Though there was no relationship between 

permeability and vascular density, the presence of aberrant vessels could be a potential 

mechanism for increased permeability of metastatic lesions. The data presented in this 

chapter illustrates the development of a time saving and error reducing technique for 

assessing vascular density. In addition, the literature is lacking in vascular density values 

for mouse brain since the majority of studies are performed in rat. 

In CHAPTER 4, permeability values and corresponding drug uptake were 

analyzed in experimental brain metastases of breast cancer. The literature has long held 

to the belief that the larger the tumor is, the more permeable the barrier. However, 

analysis of permeability values calculated in two experimental brain metastases of breast 

cancer models (calculated with Texas Red dextran 3kDa and 14C-AIB) were compared 

with lesion size and no correlation was seen. In regards to drug uptake, data illustrated a 

strong correlation between permeability and drug uptake of 14C-paclitaxel. In addition, 

all lesions illustrated increased permeability compared to normal brain. However, the 

increases in permeability were only high enough to cause cytotoxicity in - 10% of lesions 

(1 4C-paclitaxel IO mg/kg 2 hours). Due to the lack of correlation with lesion size, we 
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then investigated other mechanisms of barrier compromise. Our previous data illustrated 

decreased vessel density in metastatic lesions compared to normal brain. When hypoxia 

is present, tumors will initiate the process of angiogenesis, which breaks down the 

existing vasculature to allow for endothelial branching. Nestin, a marker for proliferating 

endothelial cells is not normally expressed in adult brain. However, immunofluorescence 

analysis revealed the expression of this protein and the fenestration-associated protein 

PV-1 which is also not normally expressed in brain. Further analysis revealed increased 

expression of the pericyte marker desmin illustrating the foundation for new vasculature 

formation; and decreased expression of the tight junction protein Z0-1. 

One of the limitations of this study is that the expression levels of all four markers 

were determined by immunofluorescence analysis, which is not an exact measure of 

protein amounts. However, the presence of metastases rather than primary tumors does 

not allow for tissue harvesting which one can be fully certain contains only metastatic 

cells. Therefore, quantitative immunofluorescence was the most accurate option for 

determining protein expression. The relative increase or decrease in expression of each 

of these vascular-associated proteins was altered in patterns consistent with other in vitro 

and in vivo studies that analyzed changes in permeability. However, this was the first 

example of the analysis of these morphological changes in regards to permeability of 

experimental brain metastases of breast cancer. 

At the conclusion of CHAPTER 4, data analysis showed decreased vessel density 

within metastatic lesions and the presence of vascular remodeling and/or destabilization 
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(nestin, PV-1 , Z0-1 , desmin). Therefore, we set out to determine the presence of 

vascular endothelial growth factor (VEGF) which acts as the primary instigator in the 

angiogenic response of metastases. In CHAPTER 5, lmmunofluorescence analysis 

revealed increased VEGF expression within metastatic lesions and a strong relationship 

with increased permeability. Since our previous results illustrated that permeability 

strongly correlates with drug uptake and VEGF expression, we hypothesized that the 

administration of a VEGF inhibitor would decrease permeability. 

Bevacizumab, a VEGF scavenger has shown successful reduction of both 

angiogenesis (Borgstrom et al 1996; Roland et al 2009) and tumor growth (Zhang et al 

2002), and has shown a mild increase in progression free survival of metastatic breast 

cancer patients (Miller et al 2007). However, a recent publication has shown decreased 

gadolinium uptake in glioblastoma patients treated with bevacizumab (Thompson et al) 

suggesting the drug normalizes the vasculature of the BTB to more closely resemble the 

limited permeability characteristics of the BBB. This study was the first in vivo study 

comparing permeability values of brain metastases of breast cancer between un-treated 

and bevacizumab treated animals. The data illustrated a - 3-fold reduction in the 14C-AIB 

permeability of bevacizumab treated lesions compared to un-treated lesions. 

Unfortunately, this also decreased the 14C-paclitaxel uptake to sub-therapeutic values in 

all lesions (max concentration was 788 ng/g and cytotoxicity is reached at > 1000 ng/g). 

The ability of bevacizumab to reduce permeability and drug uptake at the BTB illustrates 

a clinically relevant drug delivery issue that needs further investigation. However, a 

positive observation was the reduction of metastasis formation in animals treated with 
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bevacizumab therapy suggesting the drug's ability to reduce metastatic growth. This 

concept was further investigated in CHAPTER 6. 

Our studies showed bevacizumab therapy reduced metastatic lesion growth in an 

experimental brain metastases of breast cancer model. Therefore, we hypothesized in the 

final chapter that the addition of a second angiogenesis inhibitor would compound this 

effect thus preventing lesion growth. Angiopoietin-2 (Ang-2), a growth factor whose 

expression is induced by hypoxia, binds the Tie2 receptor thus causing endothelial 

destabilization. If VEGF is present, the vascular destabilization begins the process of 

angiogenesis by allowing for increased vessel branching. VEGF and Ang-2 work 

cooperatively to increase tumor growth and survival and have therefore been proposed as 

therapeutic targets (Chae et al 2010; Erber et al 2004). Therefore, we hypothesized that 

the simultaneous inhibition of VEGF and Ang-2 would result in decreased tumor growth 

and/or development. 

To accomplish this, we first confirmed the pro-angiogenic effects of VEGF and 

Ang-2 in two in vitro models. The increased cellular migration and aortic ring branching 

were successfully inhibited with the addition of bevacizumab plus L 1-10. Before we 

began the animal studies, we confirmed Ang-2 expression in metastatic lesions and saw a 

correlation between Ang-2 expression and permeability in the 4T l-BR5 model. To 

accomplish the in vivo studies, we administered bevacizumab plus L 1-10 during 

metastatic lesion growth and repeated the permeability and drug uptake studies. The data 

showed a 50% decrease in 14C-AIB permeability compared to un-treated lesions. 
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Unfortunately, the 14C-paclitaxel uptake was also reduced by -50% suggesting once 

again that bevacizumab therapy reduces drug uptake in CNS lesions. However, in 

addition to the reduction in permeability, combinatorial therapy reduced overall brain 

metastatic burden by >86%. This includes not only the number of lesions developed, but 

the majority oflesions (-78%) were less than 0.5 mrn2 in diameter. This study is the first 

of its kind to illustrate the beneficial reduction of metastatic burden with bevacizumab 

plus L 1-10 during brain metastasis of breast cancer development. 

Though the data illustrate prom1smg therapeutic approaches, there are some 

limitations to the study. First, the Ll-10 was obtained by an MTA from Amgen and we 

only received a small amount of inhibitor, which severely limited both the in vitro and in 

vivo studies we could perform. Secondly, an excellent way to tie in the bevacizumab 

alone and bevacizumab plus Ll-10 experiments with the previous immunofluorescence 

would be to perform follow up staining of nestin, Z0-1 , PV-1, and desmin in animals 

from both treatment groups. However, due to time constraints, this data has not yet been 

acquired. In addition, the scope of this project is very wide and seems to contain 

numerous experiments involving different mechanisms. The addition of experiments to 

elucidate potential signaling pathways of increased permeability would help to increase 

the focus of the research. 

In regards to future directions of this project, there are multiple opportunities for 

study. One future study involves collaboration with Dr. Paula Foster (Canada) to directly 

compare the bevacizumab-associated changes in 14C-AIB permeability to lesion 
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enhancement with MRI (gadolinium) would improve the clinical knowledge of the drug's 

effect on decreased permeability. A second future project is utilizing small molecule 

tyrosine kinase inhibitors of the Tie2 receptor to decrease permeability or potentially 

reduce lesion formation. Currently, one small molecule inhibitor blocks both the 

VEGFNEGFR2 pathway and the Ang-2/Tie2 pathway named Regorafenib. This 

inhibitor is currently in Phase III trials of metastatic gastrointestinal stromal tumors and 

has shown promising therapeutic effects on the reduction of tumor growth and 

angiogenesis in xenograft models (Wilhelm et al 2011 ). 

In addition to these studies, we would also like to complete overall survival 

studies with chronic bevacizumab and/or L 1-10 treatment. The reduction in metastatic 

burden could potentially increase the survival time of the metastasis bearing animals. 

Another aspect, which would be beneficial to observe, would be the changes in metastatic 

development if the animals were pre-treated with bevacizumab plus L 1-10 for 10 days 

prior to injection with cancer cells. The alteration in the dosing schedule could 

potentially reduce lesion development even greater. These studies would help to gain a 

better understanding of the treatment course that would be most beneficial for patients. 

Lastly, we would like to perform drug uptake studies with brain penetrating agents 

(vorinostat) in combination with bevacizumab and/or L 1-10 to reduce lesion formation 

and overall survival. Paclitaxel was chosen since it is the most used breast cancer 

chemotherapeutic, but vorinostat crosses the BBB and has shown efficacy in reducing 

metastatic colonization in preclinical triple-negative breast cancer (Palmieri et al 2009). 
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In conclusion, this dissertation has shown that preclinical brain metastases of 

breast cancer lesions exhibit varied permeability that does not correlate with vessel 

density. These lesions also overexpress VEGF which acts as an instigator for vascular 

structural alterations which affect permeability (nestin, Z0-1 , PV-1, desmin). We have 

also shown the increased expression of VEGF and Ang-2 contribute to increased 

permeability, however, this increase was reduced with the addition of bevacizumab 

treatment, which unfortunately also reduced paclitaxel uptake. Lastly, bevacizumab plus 

Ll-10 treatment also reduced permeability and drug uptake; however, it also decreased 

the number and size of metastatic lesions developed. These experiments have shown a 

promising therapeutic approach to the potential prevention of brain metastases of breast 

cancer and further investigation into mechanism of action and dosing schedule could 

improve our understanding of this beneficial treatment. 
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